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The overarching theme of this body of work is the development and 
demonstration of sapphire substrates with sub-micron scale surface features laid out 
in arrays with controlled shape, size, and distribution. The key contributions of the 
work are: (1) the collaborative demonstration that such substrates enable novel GaN 
fabrication options like the Abbreviated Growth Mode (AGM) approach that can lead 
to lower cost, higher quality LED devices, (2) the proof-of-concept demonstration 
that large scale surface patterning with the use of anodic aluminum oxide (AAO) 
templates is a feasible approach for creating low-cost patterns that should be 
compatible with AGM, and (3) that the Aluminum-to-sapphire conversion process 
used to fabricate the surface structures has distinct zones of behavior with regard to 
feature size and temperature that can be used to suggest an optimized set of process 
conditions. 
It was demonstrated that the AGM technique allows for a shorter process 
time when depositing the GaN template by 30 minutes or more by eliminating the 
need for etchback-and-recovery, while simultaneously increasing the efficiency of the 
final device by ~ 20 - 30%.  Furthermore, it was shown that the quality of the GaN 
grown using the AGM technique is dependent upon the nanopattern characteristics.  
A novel large area patterning technique incorporating AAO patterning masks 
and a polymer release layer for creating large area arrays of nanodots appropriate to 
 2 
 
the AGM technique has been proven in concept.  The process is inexpensive and 
should be scalable.  
Aluminum nanodots with initial diameters ranging from 50 nm to 250 nm 
were fabricated on c-plane sapphire substrates by EBL and liftoff and subjected to 
various heat treatments.  Analysis of their response shows several distinct modes of 
shape change, and a recommendation for best processing of patterned sapphire for 





CHAPTER 1: REVIEW OF GALLIUM NITRIDE BASED SOLID STATE LIGHTING 
 
1.1  Foreword 
 
This dissertation will address several issues arising during the development of 
the Abbreviated Epitaxial Growth Mode (AGM) method for producing more efficient 
semiconductor materials to be used in solid state lighting systems.   This chapter will 
introduce solid state lighting and light emitting diodes (LEDs) in general (§1.2), and 
briefly survey the physics behind light emission (§1.3) and the general architecture of 
an SSL luminaire (§1.4).  The critical factors behind luminaire efficiency will be then 
be summarized (§1.5), followed by a discussion of some common methods for 
growing the semiconductor materials typically used in such devices (§1.6).   There are 
several problematic issues arising specifically during the growth of compound 
semiconductors which require attention, and several strategies for alleviating these 
issues will be examined (§1.7).   
 
1.2  LED Luminaires for Solid-State Lighting 
 
In the beginning of the twenty-first century, there are growing pressures on 
developed nations to realize increases in energy efficiency and reduced power usage 
due to a combination of economic and political forces such as energy independence, 
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economic pressures, and environmental concerns.  In the United States in particular, 
lighting and illumination is a significant contributor to energy consumption.  
According to the United States Department of Energy (DoE): “In 2001, energy 
consumption for all lighting in the U.S. was estimated to be … about 22% of the total 
electricity generated in the U.S.”1  The development and implementation of a more 
efficient lighting technology, Solid-State Lighting (SSL), is being spearheaded in the 
United States by the DoE and the Next Generation Lighting Initiative Alliance (NGLIA).  
The SSL paradigm centers on the use of light emitting diode (LED) luminaires based 
on III-V semiconductor technologies to supplant existing incandescent and 
fluorescent lighting systems.  Estimated efficiency gains from switching to LED based 
lighting systems have been summarized by Lumileds (Philips Lumileds Lighting 
Company, San Jose, CA), as shown in Figure 1, and are expected to greatly outpace 
currently popular technologies. 
 




1.3  Gallium Nitride Based Optics:  LEDs and Quantum Well Lasers 
 
Any optoelectronic device is based on the concept of electroluminescence, or 
the emission of a photon that results from a change in an electron’s energy from a 
higher to a lower state.  The energy E of the emitted photon (and therefore its 
wavelength, λ) is directly related to the difference in energy levels of the electron 
before and after transition: 
         
   
 
 , 
where h is Planck’s constant (6.63 x 10-34 J·s).   
An LED takes advantage of this photoelectric effect to generate light from an 
applied electric current across a semiconductor p-n junction.  A p-n junction is 
formed when two materials of differing electronic energy levels and carrier densities 
are placed in contact with one another.   When a sufficiently large forward bias is 
externally applied to a p-n junction diode, electrons are injected from the n-type 
material into the p-type material within a volume surrounding the junction known as 
the active zone.  The excess electrons in the p-type material may freely recombine 
with hole sites in the p-type material, taking up a lower energy state and emitting a 
photon in the process. 
A p-n junction may be fabricated by “doping” an elemental group IV 
semiconductor like Silicon or Germanium with varying elements to modify the 
intrinsic charge carrier density.  When added to Silicon, a “donor” element such as 
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Phosphorus will add an extra electron per donor atom to the system, thereby 
creating an n-type material with increased carrier mobility in the conduction band 
(i.e. excess electrons).  Conversely, an “acceptor” dopant such as Boron in Silicon will 
create p-type material with more holes than the intrinsic material and thus increased 
conduction in the valence band.  A hole is, in essence, the absence of an electron 
where it would otherwise be expected and may be treated as a discrete positively 
charged particle in its own right.  Compound semiconductors may also be used to 
form p-n junctions, and can be an attractive option for optoelectronic devices when 
the compound selected has a direct bandgap with no momentum changes 
accompanying interband electron transitions.  For example, a III-V semiconductor 
such as GaN or InP may be made into an n-type conductor by doping with a group IV 
element (e.g. Si), or into p-type by doping with a group II element (e.g. Mg).2 
In 1974, Dingle and Henry patented the concept of a quantum well laser.3  A 
quantum well laser uses nanometer-scale heterostructures to create a “particle-in-a-
box” situation with discrete energy levels in which quantum mechanical stimulated 
emission and lasing is possible.  The available energy states in the quantum well, and 
hence the color of the emitted light, is largely determined by the device geometry.  
Stacking or layering of multiple quantum wells within the same device allows for fine 
tuning of the electronic band structure of the device 4, and also may allow cascading 
of charge carriers from one layer to the next, where the emitted photons from one 
layer act as a “pump” for the subsequent layer resulting in greatly increased energy 
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outputs.  Figure 2 shows the increase in output power resulting from properly tuning 
the geometry of a multiple quantum well InGaN LED to achieve an optimal electronic 
band configuration for a green LED. 5  
 
FIGURE 2:  Comparison of the light output power for green-emitting staggered 
InGaN quantum well LEDs and conventional InGaN quantum well LEDs.4 
   
1.4  Architecture of LED Based SSL Luminaires 
 
To direct engineering resources properly in the drive towards greater SSL 
efficiency, it is important first to examine the architecture of a luminaire and 
understand the contributions to efficiency from each individual component.  The 
following terms and definitions for non-organic LEDs have been adopted by the DOE.1  
An LED Die is a small piece of semiconducting material (“chip”) on which the light-
emitting diode itself is constructed.  The term LED Package (or LED Device) refers to 
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an assembly of one or more LED dies including the mounting substrate, encapsulant, 
phosphor (if applicable), electrical connections, and possibly optical components 
along with thermal and mechanical interfaces.  LED Driver refers to a power source 
with integral control circuitry designed to meet the specific needs of an LED package, 
array, or module. The driver converts line voltage to appropriate power and current 
for the package and may also provide sensing of and corrections for shifts in color or 
intensity that occur over the life of the product or due to temperature variations. 
Other special features, such as dimming controls, may also be included.  The LED 
Luminaire is the complete lighting unit, intended to be directly connected to an 
electrical branch circuit. It consists of a light source and driver along with parts to 
distribute the light and to connect, position, and protect the light source. 
In summary, a p-n junction based optoelectronic device is fabricated on a 
semiconductor die which is attached to the appropriate electrical contacts and 
encapsulated within a package or device.  One or more of these devices are then 
attached to a driver to form a module, which is in turn installed within a lamp with 
appropriate optical fixturing to form a typical luminaire. 
 
1.5  Critical Factors for Luminaire Efficiency 
 
Perhaps the most obvious metric of performance for an LED based lighting 
system is the overall electrical luminaire efficiency, or “wall-plug” efficiency, defined 
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as the ratio of useful light power radiated by the entire luminaire (i.e. visible lumens) 
to the total amount of electrical power applied to the system.  This may be increased 
by improving the performance of any one of its components, and an individual 
efficiency may in turn be defined for each component.  For example, the driver 
efficiency is the ability of the driver to convert wall-plug power into the low-voltage 
direct current needed to power and control the unit in electrical losses, and as such is 
a problem for the electrical and electronic engineering disciplines.  A fixture and 
optics efficiency may be defined as the ratio of useful lumens emitted by the package 
to the lumens emitted by the entire LED luminaire in thermal equilibrium.  This 
quantity expresses the ability to direct the generated light away from the package 
itself and into the environment at large. The package power efficiency (or simply 
package efficiency) refers to the ratio of useful light radiated from the die package 
itself to the power applied, independent of driver and fixture losses.  This value does 
not take into account the spectrum of the light emitted, and is often modified to 
account for the response of the human eye to give the efficacy of the package.  While 
not a directly useful metric for commercial purposes, package efficiency and efficacy 
are important benchmarks for testing and development in the laboratory setting. The 
drive towards improved device design and packaging affords an opportunity for 
interdisciplinary action, with the techniques and methods of electrical engineering 
and materials science both being brought to bear on the issue. 
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The topic of greatest concern from a Materials Science standpoint is the 
package efficiency.  The terms internal quantum efficiency (IQE) and extraction 
efficiency (EE) are used to further refine this concept.  The IQE refers to the ability of 
the device to convert the electrons injected into the semiconductor junction into 
photons, regardless of where those photons go after electron-hole recombination 
(scattering) or how long they exist (lifetime).  These latter factors contribute to the 
extraction efficiency, defined as the ratio of the number of photons extracted from 
the chip into the environment (typically air, but may vary with fixture design) to the 
number of photons generated.  An external quantum efficiency (EQE) may then be 
defined as the product of IQE and EE, i.e. the ratio of photons reaching the 
environment relative to the number of electrons injected into the device. 
The quality of the microstructure of the semi-conducting layer of any LED 
device has a profound effect on the IQE of the device.  Any defects in the atomic 
lattice, such as voids or dislocations, will serve as non-radiative recombination sites, 
reducing the amount of light emitted from the device.  Defects may also act as 
inelastic scattering centers, reducing the number of carriers available at the desired 
excited state for photon generation.  It is therefore imperative for the maximization 
of IQE that the defect concentration in the semiconductor material is reduced as 
much as possible.   
Once a photon is generated, it must travel through the material to an external 
interface for extraction.  Along the way, the photon may undergo scattering due to 
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collisions with defects in the lattice, either diverting the photon in the case of elastic 
scattering, or changing the photon’s energy (possibly absorbing it altogether) in the 
case of dynamic scattering.  In either case, the number of photons reaching the 
surface with the desired energy will be diminished.  As is the case with IQE, the 
defect population in the semiconductor must be reduced in order to improve EE.  
Therefore the overall EQE of an LED package (i.e. IQE x EE), and hence the 
performance of the luminaire constructed from it, depends heavily on the defect 
density in the semiconductor.   
 
1.6  Compound Semiconductors and Growth Techniques 
 
For optoelectronic devices operating in the visible range, materials from the 
III-V class of compound semiconductors are typically used. 6  The majority of the 
visible spectrum may be obtained by controlling the stoichiometry of the elements 
used and the microstructure of the active layers in the device.  To fabricate an 
optoelectronic device using a III-V compound semiconductor on a full wafer of that 
material itself (i.e. homoepitaxy) can be prohibitively expensive or even 
technologically impractical.  For this reason, a less costly non-semiconducting 
material is typically used as a substrate on which a thin film of the active 
semiconductor is grown (i.e. heteroepitaxy) by deposition techniques such as 
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Molecular Beam Epitaxy (MBE) or Metal-Organic Chemical Vapor Deposition 
(MOCVD). 
Molecular Beam Epitaxy is a Physical Vapor Depostion (PVD) technique that is 
similar to the less complicated and more widely used thermal evaporation deposition 
technique.  An ultra-high vacuum system (typically operating in the 10-6 to 10-8 torr 
range) is fitted with a special form of crucible known as a Knudsen effusion cell 
containing a small amount of source material.  Sublimation to the vapor vase occurs 
within the Knudsen cell upon heating, and this vapor is allowed to escape through a 
shuttered orifice which is directed towards the substrate upon which deposition is 
desired.  As in most deposition techniques, the temperature of the substrate is often 
controlled to vary the characteristics of film growth.  Gaseous elements like Nitrogen 
may be included in the deposited film through the use of a DC plasma source.  The 
MBE deposition technique is in common usage within the optoelectronics 
community. 
Chemical Vapor Deposition (CVD) differs from MBE in that the impinging 
species on the substrate are not pure elements or molecules of a compound, but 
instead are in the form of more complex organic molecules that adsorb to the 
substrate and undergo a chemical reaction resulting in deposition of the desired 
target material and out-gassing of organic reaction byproducts.  In metal-organic 
chemical vapor deposition (MOCVD), the precursor materials are gaseous 
metallorganic compounds.  Typical reactants for MOCVD growth of III-V 
 13 
 
semiconductors are trimethyl gallium (TMGa), phosphine (PH3), and ammonia (NH3). 
This technique is also commonly referred to as organometallic vapor phase epitaxy 
(OMVPE) or metallorganic vapor phase epitaxy (MOVPE).  Although both MOCVD and 
MBE are performed in UHV chambers, the actual deposition process in MOCVD (or 
indeed any CVD-type process) occurs at appreciable pressures of up to 100 kPa (~ 1 
atm).  This has significant implications for growing films which would not be 
thermodynamically stable at high vacuum levels needed for MBE. 
 
1.7  Threading Dislocations and Defect Reduction Strategies 
 
The microstructural quality of the semiconductor is critical for device 
performance (cf. §1.5).   The semiconductor is typically grown on a heterogeneous 
substrate (e.g. sapphire), which leads to a large number of defects in such thick films 
known as threading dislocations.  “Threading” from the substrate through the film up 
toward the outer surface, these defects arise during the growth of the semiconductor 
as a result of mismatch between the lattice constants of the deposited layer and the 
original substrate, of thermal expansion coefficient mismatch, or of other growth 
related factors such as island coalescence. 7  These dislocations may have edge, 
screw, or mixed character.  It has been shown that they may act as a fast diffusion 
pathway for metals8 that are typically used for electrical contacts and as doping 
elements.  They may also act as pathways for leakage currents9 and as sources for 
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point defects10.  If the commercial benefit from using a heterogeneous substrate is to 
be maximized, then the threading dislocation density must be minimized.   
A buffer layer of gallium nitride is typically grown between the substrate and 
the primarily active region with different processing parameters.  In some cases, the 
buffer layer has a lattice parameter intermediate between the substrate and the 
primary region.  For example, a 30 nm thick pure gallium nitride buffer layer has been 
shown to dramatically improve the quality of InGaN films grown on c-plane 
sapphire.11  If the primary film to be grown is pure GaN however, then the deposition 
of an initial buffer layer at a lower temperature than that used for the main active 
region may instead be used to improve material quality.  The low-temperature 
deposition, typically around ~ 500 °C, produces a more compliant material, which 
deforms to accommodate misfit strains.12  The reactor is then heated to the higher 
temperature and growth of the template is continued until the desired thickness is 
reached. 
Etchback and Recovery is another technique applied during the growth of 
gallium nitride to improve the material quality.  An initial low-temperature nitride 
layer is nucleated and grown to coalescence.  At this point, growth is stopped and the 
substrate is etched in-situ in hydrogen at high temperature.  This “Etchback” removes 
a significant amount of material and produces discrete islands of nitride.  From here, 
growth proceeds to a “Recovery” phase at high temperature, in which the gas 
precursor flow rates are adjusted to inhibit lateral growth.  It has been shown that 
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retarding lateral growth in this manner reduces the threading dislocation density in 
the final film.13  Although this technique greatly reduces defect populations, it can 
add 30 minutes or more to the process time, and the surface roughness of the final 
film is negatively impacted. 
Epitaxial Lateral Overgrowth (ELOG), alternately referred to as Lateral 
Epitaxial Overgrowth (LEO) is the use of a thin discontinuous film of deposited silica 
to interrupt the epitaxial interface.14  During initial growth, the nitride is prohibited 
from nucleating on the silica covered regions of the substrate.  After seeding the non-
covered substrate, the nitride is allowed to grow until its thickness is much greater 
than that of the pre-existing template.  Growth conditions are then altered to foster 
lateral growth of the nitride across the substrate, resulting in coalescence and a 
single, uninterrupted film.  Once coalescence is achieved, the conditions are altered 
once more to effect vertical growth and thickening of the film.  One of the most 
obvious drawbacks to this technique is the introduction of a heterogeneous material 
(the silica mask) into the system.  Aside from increasing production costs dramatically 
by requiring specialized equipment for patterning and growth of a new material, it 
can also cause difficulties when designing devices for backside (i.e. through the 
substrate) light extraction, as well as introducing interdiffusion and long-term 




Nanoheteroepitaxy (NHE) is the growth of a thin film on a pre-patterned 
substrate consisting of micron or sub-micron scale mesas separated by narrow 
trenches.  Unlike ELOG, no third material is required in the system beyond the film 
and substrate.  The grown film will nucleate on the substrate on top of and between 
the mesas; provided that the mesas are designed with the appropriate pitch and 
aspect ratio, the deposited film on top of the structures will grow laterally and 
coalesce over the trenches before they are entirely filled, effectively forming a “raft” 
of a continuous film supported on discrete mesas.  Any growth or thermal stresses in 
the film may then be relaxed through elastic deformation of the substrate mesas, 
reducing or eliminating the driving force for threading dislocations in the film to 
appear.  This technique requires a substrate material that is amenable to lithographic 
patterning either via liftoff or etching, and has been demonstrated to work with 
gallium nitride grown on patterned silicon.15  Sapphire, however, is notoriously 
difficult to etch and to deposit due to the intense electronegativity of aluminum, and 
so any commercially viable path towards utilizing NHE on sapphire substrates would 
require a novel, non-traditional route towards patterning. 
Such a technique for increasing III-V semiconductor performance on sapphire 
substrates has been developed and patented 16 at Lehigh University, and will be 




CHAPTER 2: ABBREVIATED GROWTH MODE TECHNIQUE FOR III-V SEMICONDUCTORS 
 
2.1  Foreword 
 
This chapter will describe the development and deployment of patterned 
sapphire surfaces for exploratory studies into the benefits of LED device fabrication 
on nanopatterned sapphire.  Section 2.2 will review the original techniques 
developed at Lehigh for creating sapphire features via an additive process.  Section 
2.3 will then discuss modifications to these techniques that made it feasible to grow 
GaN films on sufficiently large regions and in sufficiently large numbers to 
understand the effects of the nanodots on the growth process.  Section 2.4 will 
briefly describe the fabrication of Multiple Quantum Well laser diodes on n-GaN 
templates grown on our sapphire substrates, after which Section 2.5 will describe the 
results of the growth studies that led to the development of the patented 
Abbreviated Epitaxial Growth Mode (AGM) method.  Finally, several problematic 
issues that were encountered in the course of developing the above technologies will 




2.2  Fabrication of Sapphire Nanodots via Conversion of Aluminum 
 
As described in Section 1.7, Nanoheteroepitaxy (NHE) requires a substrate 
patterned with a set of micron or sub-micron scale mesas, i.e., cube-like features 
with flat tops and relatively vertical sides.  Achieving this patterned surface in Si is 
straightforward using the typical subtractive techniques that are well established in 
the semiconductor industry.  For sapphire, however, subtractive patterning via direct 
etching of the Al2O3 is quite difficult.  As a result, beginning in 2002 development of a 
new additive technique17 was initiated; the technique involves the deposition of 
metallic Aluminum that can be easily patterned, after which the Aluminum is 
converted to sapphire that matches the orientation of the underlying substrate.  The 
basis for this technique was first demonstrated at Lehigh University as a method for 
producing clean, smooth, epitaxial-growth ready surfaces on scratched or ground 
single crystal sapphire substrates.  The advantage of the additive approach in this 
case was that it would replace a portion of the lengthy grinding and polishing steps 
with deposition and oxidation steps that could be carried out in large batches.  
In this so-called AGOG process, a thin film of metallic aluminum, 
approximately 100 nm thick, was deposited via physical vapor deposition directly 
onto the scratched (or intentionally ground, for proof of concept) surface of a 
sapphire substrate.  After two successive annealing treatments in air (24 h at 450 °C, 
followed by 24 h at 1200 °C), the blanket film converted to single crystal sapphire, 
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epitaxially commensurate with the original substrate as confirmed by EBSD.  It was 
initially conjectured that conversion occurred via complete oxidation of the film 
during the low-temperature anneal into a polycrystalline α-alumina film, followed by 
a solid-state conversion via grain growth of the oxide into the final microstructure.  
(this is the origin of the acronym AGOG:  Aluminum deposition, Growth of Oxide, and 
Grain Growth)  Subsequent results have shown this to be incorrect,18 however it was 
indeed shown that a single treatment at the high temperature is insufficient for 
conversion of continuous films. 
 
FIGURE 3:  Tilted SEM image of hillocking in continuous 100 nm thick Aluminum 
film on Sapphire after annealing to 450 °C.  (Scale bar is 10 μm) 
 
Several challenges arose during the development of the AGOG process that 
ultimately led to its abandonment as a practical means of producing lower cost 
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smooth sapphire wafers.  Of particular relevance was the tendency for the aluminum 
films to develop hillocks and holes during the low temperature thermal treatment.  
Hillocks are localized protrusions of Aluminum (or other metals) from the thin film 
surface that result in undesirable local roughness. The holes in question were 
sometimes developed underneath the hillocks and sometimes beneath the surface 
oxide layer of an otherwise flat region.18  Hillock formation is driven by compressive 
stress in a metal film that results from differential thermal expansion of the film and 
the underlying ceramic substrate. Sub-surface holes develop because of dewetting 
combined with oxidation.  Nonetheless, even in blanket films that had a number of 
defects there were large areas in which successful conversion of aluminum to 
smooth, solid single crystal aluminum was achieved. 
As a result of the promise of the AGOG technique, lithographic patterning 
techniques were utilized to expand the scope of application of this conversion 
concept from continuous blanket films to patterned films.  By fabricating nano-
patterned “pre-form” aluminum structures prior to thermal treatment, and 
subjecting these to the same annealing schedule, it was shown to be feasible to 
produce nano-patterned sapphire without recourse to direct patterning of the 
sapphire itself (via etching, liftoff, etc.).19  It was confirmed by EBSD and cross-
sectional TEM that the final structures are indeed single crystal and commensurate 
with the original substrate (c.f. Section 4.3.3). 
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When fabricating nanopatterned substrates for research purposes, electron-
beam lithography (EBL) was used.  The ease of control over the pattern exposed, the 
ability to arbitrarily vary the pattern within a lithography run or between runs, and 
the very high resolutions possible from EBL are all enormously beneficial 
characteristics for a research project of this nature.  The drawbacks are the limited 
size of the patterned region that is feasible (1 x 1 mm or less) and the significant time 
involved in producing a patterned wafer.  Yield of patterned metal structures using a 
standard single-layer lift-off approach was also low initially, thereby making it 
infeasible to produce a sufficient number of patterned substrates for systematic 
studies of conversion to oxide or of GaN growth. 
 
2.3  Preparation of Substrates for GaN growth 
 
With the goal of producing a large number of patterned substrates for GaN 
device growth, improvements in the e-beam lithography speed and yield were 
pursued by the author and coworkers.  The main objective was to create a series of 
sapphire substrates with high quality patterned regions large enough to fabricate LED 
devices that could subsequently be used for characterization of photoemission and 
carrier lifetime. 
In order to facilitate liftoff and increase yield, a two-layer photoresist 
technique was developed to produce undercutting of the PMMA.  A low molecular 
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weight layer of PMMA was spun on and pre-baked, followed by a second layer of 
higher MW resist which is also spun and baked.  Both layers receive the same dosage 
during exposure, but the “softer” under-layer dissolves more quickly in the developer 
than the top layer, creating the desired undercut.  This can be observed in Figure 4, 
showing a cross-section SEM image of dots after metallization but before liftoff, 
nested within the undercut resist. It was successful at significantly increasing yield, 
and was used for all subsequent substrate production. 
 
FIGURE 4:  FIB-cut cross-section of Aluminum metallization on sapphire nested 
within undercut PMMA resist prior to liftoff. 
 
This protocol for lithographically patterning aluminum on sapphire was 
developed by the author in collaboration with Dr. Hongwei Li20 and Mr. Jason 
Perkins21. Fabrication of samples used in this work was performed at Lehigh 
University for all experiments conducted prior to January 2012, and by the author 
 23 
 
exclusively at the Cornell Nanoscale Science and Technology Facility (CNF) in Ithaca, 
NY for all subsequent samples. 
A further improvement to the e-beam lithography process was instituted by 
the author with the goal of increasing the patterning speed. In the standard e-beam 
lithography process, the beam is rastered back and forth across the surface of the 
photoresist to “draw” the desired pattern. This means that even a small dot may take 
several passes to draw fully. In the case of a simple dot array, however, it was found 
that another method was equally effective at producing high quality dots while 
reducing the time needed to expose each dot. For a range of dot sizes from 50 to 200 
nm (diameter), exposure times for a 1 mm x 1 mm patch of dots were reduced from 
several hours to an hour or less by adopting a “soak” technique.  Rather than 
attempting to write a pattern of 100 nm diameter dots by successive exposure of the 
beam, with a diameter of ~ 10 – 20 nm, the pattern may be written by using one 
“pixel” per dot, holding the beam position at the center of the dot and allowing the 
scattering of electrons and the exposure time to dictate the diameter of the dot.  
 
2.4  Fabrication of GaN Based MQW-LEDs at Lehigh 
 
A collaborative between research groups was needed to explore the value of 
growing LED devices on sapphire patterned with nanoscale sapphire dots. The intent 
of this effort was to determine if the nanoheteroepitaxy concept could be realized 
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using AGOG-fabricated sapphire features on sapphire substrates.  The growth and 
characterization of the nitride material and devices was performed by our 
collaborators in the Department of Electrical and Computer Engineering (ECE) at 
Lehigh University; the production and study of nanopatterned sapphire substrates 
was carried out by the author in the Materials Science and Engineering department. 
Prior to semiconductor growth in the MOCVD chamber, the substrate was 
patterned with sub-micron diameter sapphire dots, with a pitch of ~ 1 μm, to cover 
the entire area over which a device was to be built (typically ~ 1 mm2).  These dots 
were of the same chemistry and crystalline orientation as the substrate (in this case, 
c-plane sapphire).  Template growth and device fabrication was then performed on 
this modified substrate, an example of which appears as Figure 5. 
 
      
FIGURE 5:  Device sized patches of aluminum nanodots on sapphire (prior to 
conversion).  Left:  Two device patches, 500 μm x 500 μm.  Horizontal scratch is for 
alignment purposes.  Right:  10 kx magnification of nanodots in hexagonal array 




The improved e-beam lithography technique significantly increased the size of 
the patterned areas and the speed at which they could be produced, but the final 
yield was still barely satisfactory. Nearly 100% of the aluminum dot arrays were 
fabricated successfully, with relatively uniform dot shapes and sizes that closely 
matched the intended pattern.  Unfortunately, despite the high quality of the metal 
dot arrays an unacceptably large number (well over 50%) of the substrates were of 
poor quality after the thermal conversion steps.  The unacceptable substrates had 
dot arrays that were severely misshapen or missing entirely despite having gone 
through the same conversion process as the successful substrates. More will be said 
about this in Chapter 4.  Nonetheless, a sufficient number of substrates were created 
to allow the planned device studies. 
The devices used to prove the effectiveness of growth on AGOG-patterned 
sapphire were multiple quantum well InGaN LEDs on GaN templates fabricated by Dr. 
Yik-Khoon Ee, Mr. Xiaohang Li, and Prof. Nelson Tansu from the ECE department.  All 
semiconductor materials were made by MOCVD using trimethyl-gallium (TMGa), 
triethyl-gallium (TEGa), trimethyl-indium (TMIn), ammonia (NH3), and Nitrogen.  Ultra 
high purity Hydrogen from a dedicated reactor and purification system was used for 
cleaning and etching during the process when needed.  The reflectivity of the 
samples was measured in-situ during deposition to monitor the growth rate. 
A typical production protocol for these devices started with the deposition at 
low-temperature (~ 535 °C) of a relatively thin (~ 30 nm) buffer layer of n-GaN using 
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TMGa and NH3 which was then subjected to etchback-and-recovery.  After recovery, 
a primary 2 – 3 μm thick n-GaN template was grown at high-temperature (~ 1080 °C).  
The multiple quantum well active zone was then formed by depositing four periods 
of 2.5 nm thick InGaN and 12 nm thick GaN films grown at 750 °C.  Gold or aluminum 
electrode structures were then fabricated by conventional means on top of the 
quantum well stack and connected for testing.   
 
2.5  Abbreviated Epitaxial Growth Mode (AGM) 
 
The e-beam liftoff and AGOG conversion process used to produce the 
patterned sapphire resulted in dots that were rounded in morphology rather than 
flat-topped as originally envisioned for the nanoheteroepitaxial (NHE) growth 
process.  In addition, most patterns had a much larger feature spacing than ideal. As 
a result, the substrate fabrication process was a poor match to the geometry needed 
for NHE. This was evident when GaN growth was interrupted after only 15 nm of 
deposition. As seen in Figure 6, the GaN has preferentially nucleated around the base 
of each dot rather than on top and in between. Such a growth pattern cannot create 
the gaps between the surface features that are needed to enable the strain 
relaxation that is the basis for NHE. However, this nucleation pattern suggested a 
different possibility—that the patterned sapphire surface could be used to act like 




FIGURE 6:  SEM of nanopatterned sapphire region with GaN buffer layer growth 
interrupted at 15 nm.  Nucleation occurred preferentially at the bases of the 
sapphire nanodots.17 
 
A series of systematic studies by the Tansu group22,23,24 did, indeed, show that 
it is possible to eliminate the first steps typically used in the GaN growth process. 
Growing a GaN template on our nanopatterned sapphire eliminates the need for the 
traditional thick buffer layer and etchback-and-recovery steps, reducing growth times 
by roughly half an hour. This new growth technique enabled by the characteristics of 
our nanopatterned sapphire has been given the name “Abbreviated Growth Mode”.  
This reduction in processing time has significant implications for commercial 
development of the AGM method.   
Not only does the presence of sapphire surface features improve the growth 
conditions from the perspective of time and cost, it also leads to an increase in GaN 
quality. The ECE/MAT team has demonstrated24 that AGM can increase the efficiency 
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of a quantum-well LED by nearly 25% (Figure 7).  Time-resolved photoluminescence 
studies22  demonstrated an improvement in recombination efficiency of GaN films 
grown on nanopatterned substrates (Figure 8).  
 
FIGURE 7:  Room temperature continuous wave light output power as a function of 
injection current of InGaN QW LEDs grown on three comparison GaN templates.25 
 
 
FIGURE 8:  Time resolved photoluminescence measurements of InGaN QW LED 
devices grown on different GaN films.22 
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As discussed previously, the nanodots used in these studies were not suitable 
to invoke an NHE or ELOG style dislocation reduction mechanism, and so this 
advancement represents an entirely novel approach to the problem.  We have 
demonstrated that the AGM method has an effect on the nucleation, coalescence, 
and growth of the GaN film deposited by MOCVD.  Interrupted growth experiments 
have shown that the topography of the patterned substrate exerts a strong influence 
on the nucleation behavior of the nitride within the first few minutes of growth, prior 
to lateral growth and coalescence (Figure 6).  Cross sectional TEM analysis25 
confirmed that the NHE mechanism could not possibly have been active in these 
templates, as the nitride is fully in contact with the sapphire across the entire surface 
(Figure 9).  Threading dislocations in the GaN layer are plainly visible by TEM, and 
they may be counted to quantify the performance of the AGM method in reducing 
defects.25  It has also been observed that the pitch of the dots has an effect on the 




FIGURE 9:  FIB-cut cross-sectional TEM image of alumina nanodot on sapphire 
substrate coated with AGM-GaN. 25 
 
FIGURE 10:  Room temperature CW light output power as a function of injection 
current of InGaN QW LEDs grown on three comparison templates.  Template grown 
by AGM on nanopatterned sapphire contained devices over four different pitch 




FIGURE 11:  Tilted SEM of sapphire nanodots used in pitch study.  a: 750 nm  b: 
1000 nm  c: 1250 nm  d: 1500 nm. 
 
2.6  Remaining Substrate Fabrication Issues 
 
The ability to produce many arrays of sapphire dots with controlled size and 
spacing was critical to the success of the collaborative AGM development effort. 
However, in order to develop the AGM growth technique into a commercially 
feasible process, several outstanding issues required further attention.  The ability to 
pattern very large areas is a necessity in order to maximize efficiency and production 
rates.  The ability to minimize the spacing between dots is crucial, as it has been 
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observed that minimizing the pitch, and hence increasing the areal coverage of dots 
on the substrate, tends to increase device performance.  This requires tightly spaced 
features to retain their shape during conversion without spreading in order to 
maintain pattern integrity.  It is also obviously crucial that all dots, regardless of 
spacing, survive the conversion process. The improved e-beam lithography method 
presented in this chapter combined with the “standard” AGOG conversion protocol 
was not capable of producing sapphire surfaces with sufficient quality, low cost, and 
high yield to allow extensive additional research study much less full production. In 
particular, the need for a low-cost, large-area patterning technique is a necessity, as 
is a thermal conversion process that results in high yield. The remainder of this 
document will therefore address potential solutions to these issues in detail.  Chapter 
3 will present a novel technique for large area patterning, and Chapter 4 will present 
the results of a study to determine the processing conditions under which acceptable 
sapphire nanodots may be produced, and to determine which mechanisms are 




CHAPTER 3:  A NOVEL TECHNIQUE FOR LARGE AREA PATTERNING VIA POROUS 
ANODIC ALUMINUM OXIDE 
 
3.1  Foreword 
 
The success of a commercial implementation of the AGM method for GaN LED 
substrates depends upon the availability of a cost effective, high yield technique for 
the fabrication of sub-micron sized dots across a large area.  At the minimum, 
complete coverage of a 2” (50 mm) diameter sapphire wafer with a surface area of ~ 
2,000 mm2 is required.  A continuous square array of nanodots with a 1 μm pitch 
large enough to cover this area would contain 2 quadrillion (2 x 1015) individual dots.  
Several techniques are available for large-area patterning.  A selection of these will 
be discussed in section 3.2 with regard to their own advantages and disadvantages as 
applied to AGM patterning.  Section 3.3 will describe a novel technique invented by 
the author for large area patterning of nanodots on a sapphire wafer using a porous 
anodic aluminum oxide (AAO) liftoff mask with a polymeric release layer and present 
evidence of its efficacy.  The final section will present options for improving the 
quality of the AAO mask by using refinements to the anodization technique available 





3.2  Large Area Patterning Techniques 
 
E-beam lithography and liftoff (EBL) was chosen as the primary method for 
fabrication of substrates for AGM development due to its flexibility.  Although EBL 
affords a high level of control over the size and shape of the individual 
nanostructures produced, patterning is inherently sequential as the electron beam 
rasters across the surface, and the application of the technique to areas larger than 1 
mm2 becomes prohibitively time consuming.  Typical dosages for e-beam lithography 
on PMMA are on the order of 1,000 μC/cm2, but when calculating total write times 
one must also account for the contributions of stage movement, scan-coil 
stabilization, and other machine-dependent factors.  For a 1 mm2 pattern of a square 
array of dots with 1 μm pitch, the corresponding write time is typically on the order 
of several hours, regardless of the instrument used.  This is perfectly acceptable in a 
research and development setting where smaller areas are sufficient, but is 
inadequate for commercial scale-up.  Alternative approaches for patterning 
aluminum are available, but each has inherent limitations.  
Contact photolithography is a well-developed, widely available technique for 
fabrication.  A mask is first fabricated from a rigid, optically transparent material, and 
a thin opaque film of Chromium is lithographically patterned on one surface of the 
mask.  This mask is then brought into contact with the substrate which has been 
coated with photoresist.  After performing any necessary alignment, a controlled 
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exposure of light is allowed through the backside of the mask.  While widely 
available, simple, and capable of large area patterning, this technique is limited to 
resolutions of ~ 1 µm or greater, and hence does not allow for sufficiently small 
feature sizes to be of use in the current study.  Furthermore, it is impossible to alter 
the pattern of a mask once it is fabricated, and so a large expense is incurred 
whenever a change in pattern is required.   
Nanoimprint lithography techniques such as Step-and-Flash Imprint 
Lithography (S-FIL) and the newer Jet-and-Flash Imprint Lithography (J-FIL) from 
Molecular Imprints, Inc.26 use a transparent stamp pressed into a photosensitive 
resin that is cured with the stamp in place by an appropriate dosage of light 
transmitted through the backside of the stamp.  Exploratory work by the author at 
the Pennsylvania State University nanofabrication facility, with the assistance of Dr. 
Michael Rugosky, made it evident that S-FIL, using a rigid quartz stamp, is not feasible 
on commercially available sapphire substrates due to unacceptably large deviations 
from flatness.  The stamp cannot accommodate the undulations in the wafer surface, 
resulting in large areas of the wafer never achieving contact with the stamp.  The 
newer J-FIL process may be more applicable due to the flexible nature of the stamp 
used, but to the author’s knowledge no trials of this technique on commercially 
distributed sapphire have been attempted to date. 
Holographic lithography is used in industrial and commercial settings for 
gratings (1-D) and hole/post arrays (2-D), and may be a possible route for inexpensive 
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commercial production of AGM substrates.  Arbitrary dot sizes, pitches, and array 
types can be difficult (if not impossible) to produce due to restrictions inherent from 
the physics of optical interference, so an optimized pattern for AGM may not be 
feasible. It is also likely to be incompatible with a dual-layer photoresist and liftoff 
scheme, so realization of metal nanodots by holographic lithography may require dry 
etching of aluminum, which is a more costly and lower throughput technique than 
liftoff. 
Among its many uses, porous anodic aluminum oxide (AAO) has been applied 
as a lithography mask for nanofabrication of such things as quantum dots27, protonic 
conductors28, and carbon nanotubes29.  Typically, an aluminum foil of relatively high 
purity is anodized to produce a layer of nanoporous alumina several microns thick on 
the surface of the foil.  This porous oxide film is then detached from the foil, the 
residual barrier layer of oxide at the pore bottoms is opened by an etchant, and the 
AAO film is reattached to the substrate of interest for further processing.  Figures 12 
and 13 show an AAO film fabricated on a glass substrate which was fractured to 
reveal the cross-section of the membrane, demonstrating the closed pore bottoms.  
Many researchers30  have developed methods for fabricating nanostructures on 
insulating substrates or silicon by depositing aluminum metal directly onto a 
substrate and then anodizing it to form the pores.  Techniques incorporating AAO 
masks have tended to be used in scenarios where a material other than Aluminum or 




FIGURE 12:  SEM cross-section of AAO film formed by single anodization to 
completion of an Aluminum film on glass. Note the irregular pore distribution and 
closed pore bottoms. 
 
 
FIGURE 13:  SEM top view of AAO film from Figure 12. 
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The wet chemical processing steps needed for AAO mask fabrication and use 
are easily applied to large batches of wafers, are not limited by wafer size, and are 
inherently compatible with the feature sizes needed for AGM; therefore AAO could 
be relatively attractive and inexpensive to use for fabrication of large-volume 
consumer products like LED lighting if it could be applied to the specific case of 
aluminum nanodots on sapphire.  The author has developed a novel method to allow 
nanofabrication of Aluminum nanodot arrays via liftoff through an AAO mask by 
incorporating a polymer release layer.  The feasibility of this technique has been 
demonstrated by producing such nanodots on a sapphire substrate.  Details of this 
method will be described in following section. 
 
3.3  New AAO Liftoff Mask for Aluminum on Sapphire 
 
Due to the poor adhesion of Aluminum on sapphire, and because the nature 
of the epitaxial conversion process is incompatible with the use of any 
heterogeneous sticking layers, it was necessary to modify the typical AAO liftoff 
schemes described above.  A thin layer of photoresist (OiR-906-10, Fujifilm Electronic 
Materials) was introduced between the sacrificial Aluminum to be anodized and the 
substrate, acting both as a sticking layer and as a release layer to facilitate liftoff.  
(Photoresist was used due to availability.  Any polymeric film with a high solubility in 





Prior to full development of the AAO on a polymer interlayer, the AAO 
conditions were determined through trials on glass substrates (cf. Figure 12).  The 
proof-of-concept work with the critical photoresist layer was then performed on 
sapphire substrates.  Beginning with a 2-inch diameter c-plane sapphire wafer (Saint-
Gobain Crystal and Detectors), we applied a layer of resist approximately 200 nm 
thick.  This was followed by a deposition of 300 nm of Aluminum (99.999% pure) in a 
custom magnetron sputtering system with a DC gun power of 350W, base pressure 
of 2 x 10-7 torr or less, in an Ar pressure of 3 mTorr, and a gun-to-sample separation 
of 6 inches (~152 mm).  The resulting metal coated wafer was cleaved into six pieces 
for handling convenience, and anodized to completion at a constant voltage of 80V in 
10% phosphoric acid with a Platinum mesh counter-electrode.  Pore widening was 
carried out by disconnecting the electrical connection and letting the sample etch in 
the anodization solution for 50 minutes.  Aside from convenience, using the 
anodization electrolyte for pore widening also reduces risk of damaging or 
delaminating the fragile mask structure during sample transfer, and eliminates the 
need to introduce further contaminates, such as chromate ions, which could 
interfere with the AGOG conversion process later on.  After pore widening, the 
sample was rinsed by immersion in distilled water and isopropyl alcohol (IPA), and 
barrier layer opening and resist etching was carried out simultaneously in a reactive 
ion etch (Micro-RIE series 800, Technics). Base pressure in the RIE was 75 mTorr or 
less, operating at 300W with partial pressures of 200 mTorr of CF4 and 20 mTorr of 
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O2.  An etch time between 8 and 9 minutes at these conditions was sufficient to open 
the pore bottoms and etch the resist to the substrate without causing significant 
etching of the substrate itself.  Figure 14 shows an AAO film grown on sapphire, with 
no polymer release layer present, after pore widening and RIE to open the pore 
bottoms.  The knob-like appearance at the top surface of the porous AAO layer is 
most likely due to redeposition occurring during RIE. 
 
FIGURE 14:  AAO film on sapphire after RIE treatment to open pore bottoms. 
 
At this point Aluminum metal was deposited over the opened AAO mask 
using the same sputtering apparatus and operating conditions that was used for the 
sacrificial anodized Al layer.  Deposition was timed to deposit 120 nm of metal onto 
the sample.  Liftoff was accomplished using cellophane tape followed by a 5 minute 
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soak in acetone and rinsing in water followed by IPA.  Use of tape is not intrinsically 
necessary to the technique and an acetone soak alone is sufficient.  Tape was used 
during development in order to retain the AAO mask for post-liftoff analysis.  The 
underside of the lifted off film was observed in the SEM to reveal pore opening 
(Figure 15).  SEM images of the metal nanodots on the sapphire substrate were 
obtained (Figure 16).  Since the majority of the resulting structures appear to be less 
than 100 nm in thickness despite a lengthy deposition, it appears that a significant 
amount of the deposited metal does not fully penetrate the pores and reach the 
surface. This is not surprising given the large aspect ratio (height:diameter) of the 
AAO pores. This drawback could be addressed by modifying the 
sputtering/evaporation conditions, or utilizing an electrochemical deposition 
method. 
 
FIGURE 15:  SEM of underside of AAO mask after liftoff, demonstrating effective 




FIGURE 16:  Tilted SEM image of Aluminum dots on sapphire formed via AAO liftoff 
technique. 
 
3.4  Improving Uniformity of AAO Patterned Structures 
 
There are several ways to control both the uniformity and spatial ordering of 
the pores in AAO, and therefore in the resulting metal structures.  The pore size can 
be decreased, with an accompanying increase in ordering, by decreasing the 
anodization voltage and/or the temperature of the anodization solution.  Spatial 
ordering can also be improved by using the 2-step anodization process introduced by 
Masuda and Satoh.27  Pore opening is confirmed by observing the underside of the 
lifted-off oxide structure in the SEM (Figure 15).  An inherent non-uniformity of the 
barrier layer thickness exists between pores, which will necessitate further 
refinement and modification of this technique for large area arrays of well-ordered 
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nanostructures.  We have thus demonstrated that it is possible to create a pattern of 
nanodots over a large area, and there are no fundamental barriers to scaling up the 




CHAPTER 4: SIZE-DEPENDENT SURVIVAL AND MORPHOLOGICAL ALTERATION OF 
NANODOTS DURING CONVERSION 
 
4.1  Foreword 
 
Having discussed the Abbreviated Growth Mode technique and its benefits in 
the preceding chapters, it should be readily apparent that the long term success and 
any hope of eventual commercialization of such a process is dependent not only 
upon the ability to reliably fabricate large areas of aluminum nanodots on a sapphire 
substrate (as discussed in Chapter 3), but also upon the ability of those metal 
structures to survive the thermal processing used for conversion to sapphire.  In the 
course of developing the AGM process at Lehigh University, it was observed early on 
that nanodot survival was by no means guaranteed after annealing.  Since the 
reliable fabrication of sapphire nano-dots is crucial for the success of the AGM 
process, the goal of our research then became to rigorously catalogue these 
phenomena and determine their origins, and in doing so to point towards a method 
or technique for ameliorating these problems.  A determination of the minimum 
temperature required for conversion to single crystal sapphire was also desired.   
This chapter is devoted to the design and implementation of an experiment to 
address these issues.  Section 4.2 will address the preliminary experimental results 
which pointed to the need for the current study.  Section 4.3 will outline the relevant 
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background science required for a proper understanding of the work presented here.  
This will cover phase changes in Aluminum and its oxide, stresses in thin films, 
evaporation, oxidation of Aluminum, and wetting and surface energy issues in 
Aluminum on sapphire, with special attention where appropriate to issues specific to 
nanoparticles and nanoscale systems.  Section 4.4 will describe the design and 
implementation of an experiment to address the issues of nanodots survival and 
stability during annealing.  Section 4.5 will describe the results obtained from the 
experiment, which will be discussed in Section 4.6.   
 
4.2  Preliminary Observation of Disappearance and Morphological Change 
 
In the course of fabricating the nanopatterned sapphire substrates for use as 
GaN device substrates, it was observed that the conversion process was not 100% 
reliable.  After being subjected to the first stage of conversion (i.e. 24 hr at 450 °C), 
metal dots with diameters ranging from 80 nm to 150 nm were all seen to persist 
without any significant change in shape (Figure 17).  However, the same set of dots 
examined after being put through the second conversion step (24 hr at 1200 °C) 
changed in ways that rendered them useless as an AGM substrate.  In the case of ~ 
100 nm diameter metal dots there was a dramatic reduction in height, whereas the ~ 
80 nm diameter dots tended to disappear altogether (Figure 18).  Dots with larger 
diameters (120 nm and larger) were typically observed to persist without massive 
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shape change, exhibiting nothing worse than faceting (Figure 19).  This unfortunate 
tendency to lose the shape (or even the presence) of very small dots severely limited 
throughput and our ability to explore the effects of dot size on AGM and device 
efficiency.  Also, recall from Chapter 2 that smaller pitches have a more beneficial 
effect on efficiency, so it is feasible that small dot size may have a positive effect on 
luminescence efficiency as well. If it is possible to understand the cause of conversion 
failure it may be possible to prevent it, even for very small features. 
These observations of the dependence of process yield on dot diameter was 
made during the course of preparing samples for AGM growth, and as such the 
details of failure during the conversion process were not initially the main focus of 
the experiments.  For this reason, available data from this phase of experimentation 
was limited and was not systematically gathered.  As a result, it was difficult to 
identify specific failure mechanisms.  Also, the samples seen in Figures 17-19 were 
written by the raster method, and not the soak technique described in Section 2.2, so 
the relevance to future AGM development work was uncertain. 
In an exploratory effort to lay the groundwork for a more detailed study of 
the failure phenomena and their dependence on dot size and heat treatment 
temperature, Aluminum dots were fabricated in several regions on a single sapphire 
wafer, with each region containing dots of varying diameters varying from 80 nm to 
150 nm.  This sample was annealed in air at 1300 °C for 1 hour in order to observe 
the stability and survival of the metal dots.  The slightly elevated temperature, as 
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compared to the typical 1200 °C, was chosen in order to accelerate any observed 
effects.  Results of this test are shown in Figure 20.  Metal dots in the 80 - 100 nm 
size range (top) suffered heavily from the annealing treatment, with an unacceptable 
fraction disappearing outright. 
 
FIGURE 17:  Aluminum nanodots of ~ 80 nm (top) and ~ 120 nm (bottom) diameter 
after liftoff (left) and annealing at 450 °C for 24 hours (right), exhibiting acceptable 
stability. 
 
Dots from an intermediate-sized region, in the range of approximately 90 – 
120 nm (middle) exhibited a range of morphological changes from complete removal 
to negligible alteration (at the magnification used for this survey).  The largest dots, 
in the 140 – 175 nm size range (bottom), all remained essentially unmodified after 
the annealing treatment.  These results together suggest a transition in survivability 

























From this preliminary study with a single heat treatment temperature it was 
unknown at what temperature failure was actually occurring, but the results implied 
that the upper temperature typically associated with the standard conversion 
sequence posed a major challenge to the survival of sub-100nm Aluminum dots. 
 
FIGURE 18:  Aluminum nanodots from Fig. 15 after annealing at 1200 °C for 24 
hours, exhibiting unacceptable degradation and loss.  (The image of the dot array 
that completely disappeared is simply a featureless substrate with no discernible 
contrast, and as such is not included here.) 
 
 
FIGURE 19:  Aluminum nanodots after annealing at 450 °C for 24 hr (left), followed 



































FIGURE 20:  Aluminum nanodots with varying initial diameter after 1300 °C for 1 hr.  





4.3  Survey of Relevant Properties and Behaviors of Aluminum and its Oxide 
 
4.3.1  “Thermal Timeline” 
 
Whatever mechanism is responsible for the disappearance of nanodots during 
conversion, it must be operative between the low annealing temperature of 450 °C 
and the high annealing temperature of 1200 °C.  At this point, it is instructive to 
consider the behavior of Aluminum and its oxide as they are heated through this 
temperature range, particularly in the context of metal nanodots supported by an α-
Al2O3 substrate.  One can construct a thermal map or “timeline” of the major 
relevant phenomena, as shown in Figure 21.   
 
FIGURE 21:  "Thermal Timeline" of critical events during annealing of Aluminum 




Aluminum is a highly reactive element, and will readily form a native oxide 
layer at any free surfaces.  This oxide shell is typically only a few nm thick at this 
temperature under normal conditions.  As the temperature is increased above room 
temperature, the thermal expansion mismatch between Aluminum and its oxide (2.3 
x 10-5 °C -1 for the metal and 8.0 x 10-6 °C -1 for α-Al2O3) will cause a large amount of 
stress to develop wherever these two materials share a sufficiently large interface.  If 
the metal is enclosed by an oxide shell, the metal will be in a state of compression 
while the oxide is in tension.   
Upon reaching the 550 – 600 °C range, any native oxide existing on an 
Aluminum surface will begin to undergo a transformation from its original 
amorphous state to crystalline γ-Al2O3. Because the crystalline state has a smaller 
molar volume than the amorphous state, the phase transformation event will be 
accompanied by a contraction of the oxide and, if the oxide retains its structural 
integrity, the development of very large tensile stresses in the shell.   
At 660 °C, which is the melting point of Aluminum at standard temperature 
and pressure, the metallic portion of the dot is expected to experience melting 
accompanied by a large volume expansion from the molar volume difference 
between the liquid and solid phases of Aluminum.  With respect to the time-scales 
dealt with in this study, significantly rapid evaporation of bare metal will begin at 
approximately 700 °C.  Evaporation of the oxide at this temperature is negligible, so 
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little or no evaporation of an Aluminum particle with an intact oxide shell would be 
expected.   
Upon further heating of the system, the oxide shell will begin to undergo a 
polymorphic phase transformation from γ-Al2O3 to α-Al2O3 and will begin to thicken 
and densify.  These two phases have less dissimilar molar volumes than the gamma 
and amorphous phases, so a large change in stress is not expected due to this 
transformation.  As the temperature increases up to 1200 °C, there is little additional 
change aside from more thermal expansion of oxide shell and the aluminum interior. 
 
4.3.2  Phase Transformations and Thermodynamic Considerations 
 
As is well known, equilibrium between two phases is a function of 
temperature and pressure.  There are several potential sources of pressure present 
in Aluminum nanoparticles in addition to the ambient pressure, so it is possible that 
the phase transformation temperatures associated with bulk Aluminum and 
Aluminum Oxide shown in the Thermal Timeline may not apply to nanoparticles.  
Furthermore, certain phases may be stable in nanoparticles that are not stable in 
bulk materials. 
The transformations of bulk Aluminum Oxide through various metastable 
polymorphs during heating is explored by Levin and Brandon.31  The expected 
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progression of a native oxide film on evaporated aluminum is amorphous  α  γ, 
with metastable δ and θ phases possible between γ and α.   This progression was 
confirmed in aluminum nanoparticles by Trunov et al. using X-ray diffraction 
collected from TGA samples, indicating that the normal progression applies even at 
the nanoscale.32 
 
FIGURE 22:  Melting point of Aluminum (Celsius) measured versus applied pressure 
(kg/cm2 = ~ 100 kPa) in dry Argon (1) and dry Nitrogen (2).33 
 
The melting point of pure metallic Aluminum at standard temperature and 
pressure is ~ 660 °C.  However, this may change significantly if the metal is subjected 
to a large hydrostatic pressure and the oxide shell remains continuous.  The 
expanding metallic interior could be subjected to stresses as large as several GPa due 
to thermal expansion alone.  Figure 22 from Gronnikberg, et al., showing the 
experimentally determined variation of the melting point of Aluminum with pressure, 
demonstrates that an applied pressure is capable of raising the thermodynamic 
melting point to 700 C at 0.7 GPa, and up to 900 C at 3.8 GPa.33  This factor could 
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come into play in the melting behavior of the metallic core of an oxidized 
nanoparticle. 
It is also possible that the metallic interior may experience super-critical 
heating beyond the thermodynamic melting point.  High energy sites are needed for 
heterogeneous nucleation to initiate the phase transition between solid and liquid.  
In the confined interior of a nanoparticle, there is a much smaller volume of material 
available to supply sites for nucleation.  If no nucleation sites are readily available, 
the transition must occur via homogeneous nucleation, dramatically raising the 
energy barrier for the transition and allowing the solid interior to heat well beyond 
the melting point expected by thermodynamics.  Therefore this factor must also be 
considered when comparing actual nanoparticle behavior to the behavior depicted in 
the Timeline of Figure 21. 
 
4.3.3  Substrate Traction Forces and Hillocking 
 
A change in morphology that can occur in thin films and patterned structures 
on substrates that is not depicted in the Timeline is the development of hillocks.  
When two solid materials with different coefficients of thermal expansion share an 
interface and are subjected to a change in temperature, a stress will develop.  In the 
case of a thin film on a thick substrate, the strain will be taken up nearly entirely by 
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the film, and so the film can experience very high stresses.  In cases where the film 
experiences compressive stresses (e.g. Aluminum on sapphire upon heating), the film 
can undergo hillocking, a process in which strain relief occurs by material being 
pushed out of the film to form lumps or extrusions.  Chang and Vook have 
demonstrated that hillocking in Aluminum films is absent when there is no oxide.34  
This behavior is dependent upon the presence of a native oxide film with weak 
regions through which the underlying Aluminum can emerge, but an oxide film that is 
very thick will successfully impede the appearance of hillocks. 
Another factor that influences hillocking is the distribution of stress in a thin 
film.  A thin film supported by a substrate is not expected to have any in-plane stress 
near its edge, i.e. within ~ h of the film edge, where h is the film thickness.  Figure 23 
shows the behavior of the normalized in-plane stress component (σxx) for various 
positions y along the thickness of a film modeled as a clamped plate of semi-infinite 
length and width 2x.35  Position x = 0 is defined as the center of the plate, with edges 
at x = +/- 1, y = 0 is the outer film surface, and y = 1 is the film/substrate interface.  
Note that the in-plane stress at the outer surface is significantly lower than that at 
the film/substrate interface, supporting the rule-of-thumb that stresses will approach 
zero near a free surface. 
In a continuous film this effect is only important near the film edges.  In the 
case of patterned lines or dots on a surface, the film edges may be in close proximity 
to one another making this edge effect more significant.  In the nanodots that are the 
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focus of the present work, this edge effect is expected to be significant throughout 
the volume of each dot. 
 






4.3.4  Surface Diffusion and Wetting 
 
Two additional temperature-dependent factors that are not included in the 
Timeline (Figure 21) are surface diffusivity and wetting between Aluminum and its 
oxide.  Both of these factors could be important for aluminum nanodots on a 
sapphire substrate, particularly where nanodot shape change is concerned.  In a 
study on grain boundary grooving on sapphire, the surface diffusion constant for α-





























giving a value on the order of 10-13 cm2/s at 1200 °C.  Other researchers report 
slightly higher values.37  One may plot the diffusion constant Ds and a corresponding 
characteristic diffusion length d = Dt2  for a given time interval t (Figure 24).  A 
diffusion length scale of 1 nm would require temperatures above 800 °C or so, 
meaning that the oxide surface is kinetically capable of significant reconfiguration 




FIGURE 24:  Plot of surface diffusivity Ds and corresponding characteristic diffusion 
length d for 1 hour.  (Using data from Ref. 37) 
 
A massive body of literature has been generated to explain the evolution of 
surface profiles due to diffusive processes.  The majority of this work is derived from 
the seminal paper of Nichols and Mullins in which the evolution of a curved surface is 
described in terms of the Gibbs-Thompson potential.38  An atom occupying a site on a 
curved surface will have a chemical potential that is higher than that of an atom on a 
flat surface by a value directly in proportion to the magnitude of the curvature.  
However, as spreading progresses the curvature of the surface (and hence the driving 
force for diffusion) will decrease as it approaches planarity, and for this reason 
curvature driven surface diffusion is not expected to result in a flat substrate where 




























































Surface diffusion studies in alumina are typically performed at temperatures 
greater than 1300 °C, since diffusion below this temperature is typically too slow to 
observe.36,37  In fact, temperatures in the 1000 - 1300 °C range are sometimes used 
to stabilize and clean the alumina surface prior to any experimentation.  However, 
the size scale of such experiments is on the order of microns or greater, where 
diffusion lengths on the order of 1 nm are considered negligible.  For our purposes, 
where 1 nm begins to be an appreciable distance, diffusion at these higher 
temperatures may not in fact be negligible. 
Wetting experiments of Aluminum on its oxide are notoriously difficult, due 
to the highly reactive nature of metallic aluminum and its tendency to react with the 
substrate when at elevated temperatures.  However, it is reported that at higher 
temperatures (i.e. > 900 °C) a transition from dewetting to wetting behavior may 
occur.39  It has been conjectured that this is due to a deoxidizing reaction from Al and 
Al2O3 into gaseous Al2O, which thins the outer oxide shell and thus reduces its effect 
on the wetting dynamics of the system.  The shape of a nanodot on a substrate can 
be profoundly affected by wetting thermodynamics, so this factor must be taken into 





4.3.5  Evaporation  
 
An immediately obvious hypothesis to explain the disappearance of metal 
structures at high temperatures is an evaporative mechanism.  From a first principles 
calculation based on the vapor pressure of aluminum, the time required to evaporate 
a single dot at a given temperature can be estimated.  This begins with the standard 
expression for evaporation flux (mass per unit time and area) as a function of 
temperature: 
 
where Pvap(T) is the vapor pressure at temperature T, M is the molar mass of the 
metal, and R is the universal gas constant of 8.314 J/mol-K.  Empirical vapor pressure 
data40 has been used to construct an evaporation flux curve as a function of 



























FIGURE 25:  Evaporation flux from Aluminum based on empirical vapor pressure 
data. 
 
Now consider a hemispherical dot of radius r, with exposed surface area A = 
2πr2 and total volume V = (2/3)πr3.  Assuming the entire surface area A contributes to 
evaporation, the mass evaporation rate (mass per unit time) for a dot of a given 














The initial mass of the dot is m0 = V/ρ where the density ρ is 2.7 g/cm
3.  Note 
that the surface area to volume ratio (S = A/V = 3/r) increases with decreasing radius 
as the dot evaporates.   
Let us assume that Pvap, and by extension the evaporation flux Ф, remains 






























surface atoms do not typically become significant until one reaches scales of much 
less than 100 nm.  To support this assumption, consider the Gibbs-Thompson 
relationship, which describes the effect of curvature on the local chemical potential 














where μo is the potential of an atom on a flat surface, K is the local curvature (i.e. 
1/r), γ is the surface free energy, Ω is the molar volume and T is the temperature of 
interest.  If the values for Aluminum are taken to be γ = 1.05 J/m2 and Ω = 10 
cc/mol,41 then for a particle with radius of ~ 50 nm the exponential serves to increase 
μ by only 1-2 %.  Even particles of 20 nm radius, much smaller than anything 
examined in this work, exhibit only a 4 - 5 % deviation. 
If one naively calculates the survival time of the dot to be simply the initial 
mass divided by the rate Γ, one may estimate a survival time as a function of 
temperature (Figure 26).  It is found that for dots in the 100 nm diameter range are 
expected to survive on the order of 1 second or less at 1000 to 1200 °C.  This is in 
reality an upper bound for the survival time.  Although the real surface area 
decreases with shrinking radius, the volume decreases even faster and the ratio S 
begins to climb with decreasing dot radius, causing the actual survival time to be 





FIGURE 26:  Lifetime of an aluminum nanodot of a given size, at various 
temperatures (in °C), based on evaporation data. 
 
It has been observed that pure aluminum particles larger than 50 nm exposed 
to high temperatures and oxidative environments remain passivated for a significant 
length of time, and complete oxidation of the particle was not seen to occur within 
less than one second of exposure to temperatures on the order of 1100 °C.42  Assume 
that oxidation can only occur with oxygen diffusion from the environment through 
the oxide shell into the metal interior.  Taking a generous upper bound for the self-
diffusion constant D of Oxygen in α-Al2O3 to be 10
-17 cm2/s at a temperature of 1000 
°C, and with the diffusion length Dtl *2 , then after one second the diffusion 
length is on the order of 10-9 cm, or 0.01 nm.  Hence it is highly unlikely that enough 



























during the short durations that a simple evaporation-based lifetime calculation 
predicts, and it is reasonable to assume that, at least in the initial stages of annealing, 
a sufficient amount of metal is present.   
Suppose that the oxide shell of these particles acts to seal off the molten 
metal interior from evaporation.  Consider a metal dot with radius r, but this time 
with the surface area almost entirely covered with non-evaporating oxide, and only a 
small percentage of the surface area is available for evaporation of the metal interior 
as a result of cracks or flaws in the oxide (Figure 27).  Survival times for these 
configurations with varying parameters are shown in Figure 28.  In order to obtain a 
survival time on the order of 1 hr, an exposed area of only 0.01% of the total surface 
area, which is analogous to a roughly 1 nm diameter hole in a 100 nm diameter 
hemispherical dot, would be sufficient.  In other words, given a sufficiently high 
temperature (> 900 °C), evaporation is expected to be very rapid even for a minimal 
amount of metal exposure. 
Also, if the heating rate is low (5-10 °C/min, as it is during the solid state 
conversion process), then there is sufficient time for a polymorphic transformation 
from amorphous to γ-Al2O3 to occur in the oxide shell.  The thermal stresses built up 
at a given temperature beyond this point would then be determined not relative to 
room temperature, but to the temperature at which the gamma oxide reformed or 




FIGURE 27:  Illustration of conceptual evaporation modes: bare dot (left), 
hemispherical crack (center), and partial exposure (right). 
 
FIGURE 28:  Evaporation lifetime at 1082 °C for modes described in Fig. 27. 
 
4.3.6  Oxidation of Aluminum at Elevated Temperatures  
 
An excellent review of the oxidation behavior of Aluminum was made by 
Atkinson.43  Most approaches to modeling oxidation and corrosion attempt to 
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the growing oxide film, with reactive species (i.e. electrons, holes, anions, and 
cations) injected into the film at either the metal/oxide interface or the oxide/gas 
interface.  Wagner44 explained the parabolic growth rate of oxide films on Aluminum 
in terms of the transport properties of these reactive species. In fact, this model 
conversely allowed researchers to use the growth rate of oxide films to determine 
some unknown transport properties in other materials.  This approach is only valid 
for films with thickness > 1 μm or so, due to the large amount of assumptions (steady 
state diffusion, small electric field, etc.) necessary to make the substitutions used 
valid.  Formation of much thinner films was analyzed by Cabrera and Mott in the 
1940’s in terms of atomistic jumps in the presence of a large electric field.45  The 
origin of this field is the movement of electrons from the metal/oxide interface to the 
oxide/gas interface and the presence of excess adsorbed oxygen ions (O2-) at the 
oxide/gas interface.  The build-up of an electrical field which results from this 
movement of charged species acts to retard the further movement of ions and to 
slow the growth rate, which is found to be of either logarithmic or inverse-
logarithmic type.  This atomistic model requires many assumptions which cause it to 
be valid only for films of thickness < 30 nm or so, and also cause the model to be 
notoriously much more difficult to apply experimentally than the phenomenological 
Wagner model.  An approach proposed by Fromhold attempts to describe the growth 
of an oxide in terms of “coupled currents”, calculating diffusion behavior of multiple 
species simultaneously.46  While this approach is useful for the lack of assumptions 
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and restrictions necessary, it is also difficult to apply in an experimental setting owing 
to the fact that all solutions to the coupled current equations are numerical in 
nature, with no closed form analytical solution possible. 
It is commonly observed that the diffusivity of cations is nearly two orders of 
magnitude greater than that of anions, due to the much larger radius of the anion 
with its extra electrons.47  Diffusion along “short-circuit” paths is a very common 
concept in the literature for the oxidation of Aluminum, and is used to explain 
experimental results showing oxidation of Aluminum progressing by the inward 
diffusion of Oxygen anions (c.f. Reference 18).  However, such “paths” (e.g. grain 
boundaries) are not expected to exist in the oxide film growing on a sub-micron sized 
dot or particle.   
There are few experimental studies of aluminum nanoparticles on substrates 
subjected to the conditions occurring during AGM substrate fabrication. However, 
freestanding nanopowder particles have received attention from researchers, 
particularly in the field of combustion. 48   In combustion studies, Aluminum 
nanoparticles tend to ignite at temperatures much lower than micron-sized or larger 
particles, with a much decreased ignition delay, and for this reason they have been 
studied heavily for incorporation into thermite fuels.  The extent of the reduction in 
ignition temperatures is too great to be explained simply by the increases surface to 
volume ratio alone.   
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Levitas introduced a possible mechanism for nanoparticle combustion called 
the “melt-dispersion” model.49  As noted above, it would take a considerable amount 
of time for the entire interior of a metal nanoparticle to oxidize if the only course of 
entry available for oxygen is through the oxide shell, much larger than the times 
considered during combustion and flame propagation studies (e.g., milliseconds).  
However, as the metallic interior melts the oxide shell is subjected to large stresses 
due to thermal expansion and volume dilation due to the solid-to-liquid phase 
change.  According to this model, combustion is expected to occur as a result of the 
oxide shell fracturing catastrophically and releasing the molten metal from the 
interior in an outwardly propagating shockwave, at which point rapid oxidation of the 
newly exposed metal occurs.   
Prof. Zachariah’s group at the University of Maryland has developed a Single 
Particle Mass Spectrometer (SPMS), in which the analysis of aluminum nanoparticles 
is carried out in a particle-by-particle manner.42  A similar apparatus is used by Reents 
et al.50  In these studies, the particles were generated by DC-arc discharge, laser 
ablation, or by purchase from commercial suppliers. They were then annealed in a 
tube furnace at a given process temperature between 25 and 1100 °C with a 
residence time in the tube of only 1 second.  After annealing, the nanoparticles were 
selected by size using a differential mobility analyzer (DMA) and then subjected to 
the SPMS.  A Nd:YAG pulsed laser was used for atomization, and the atomized 
material from a single dot was passed through a time-of-flight mass spectrometer for 
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quantification of the elemental species contained within the annealed dot.  By 
comparing the relative amount of Oxygen and Aluminum in the dot, it was possible 
for the researchers to identify a degree of oxidation for each dot ranging from zero 
(no oxidation) to one (fully oxidized).  [n.b. These authors refer to the degree of 
oxidation as “conversion”.  This is not to be confused with “conversion” as used in 
this work to refer to complete oxidation AND epitaxial alignment to a crystalline 
substrate].  With such a study, nanoparticle oxidation kinetics may be studied 
without the errors inherent in conventional TGA studies.  It was demonstrated that 
the activation energy for oxidation increases with the particle diameter, meaning 
essentially that smaller particles oxidize more readily than larger ones.  This result 
confirms those from obtained by TGA.51  By way of comparison, Trunov et al. 
demonstrate complete conversion of nanoparticles in the TGA at temperatures of 
1000 °C reached at a much slower ramp rate of 5 °C/min.32  It was also shown by Park 
et al. that complete oxidation of free-standing aerosol dots with diameters < ~ 100 
nm was evident after only 1 second at temperatures ranging from 600 to 900 °C.42  As 
the temperatures towards the higher end of this interval, complete oxidation was 
seen in dots larger than 100 nm as well.   
Evidence of cavitation in aluminum nanoparticles annealed above 1000 °C 
based on TEM observation and DMA measurements of particle density has been 
observed.52  This work demonstrated an increase in the particle density from 2.72 
g/cc to 3.85 g/cc as the temperature was increased from 500 °C to 800 °C, consistent 
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with oxidation of the metallic aluminum.  Annealing at progressively higher 
temperatures was accompanied by a decrease in density, confirming the existence of 
cavitation.  Sullivan et al. at UMD performed in-situ annealing observations in the 
TEM using particles suspended on a resistively heated grid and again obtained direct 
evidence of cavitation occurring.53  Furthermore, these studies did not exhibit any 
evidence of the violent spallation and explosion predicted by the mass-dispersion 
model of Levitas et al. 
 
 
FIGURE 29:  SPMS data from Park et al. exhibiting degree of completion of 
oxidation for aluminum nanoparticles at four temperatures.42 
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Nakamura demonstrates hollow spheres when d < 8 nm after annealing at 
very low temperatures (295 K for 120 s).54  Small-angle diffraction (SAD) patterns 
from this study showed that the surface oxide is amorphous.  Slightly larger particles 
(10 – 20 nm diameter) were annealed at 423 K, and it was observed again by TEM 
and SAD that an amorphous oxide layer quickly formed and remained stable at 1.5 
nm thickness even after 100 hours of annealing.  This initially rapid yet quickly 
passivated oxidation behavior is consistent with that observed in bulk films. 
 
4.4  Experimental Design and Procedure 
 
4.4.1  Rationale 
 
In the previous sections, the unacceptably low yield rate for conversion of Al 
dots to sapphire dots has been described, and several models for the oxidation of 
nanoscale Al particles have been reviewed. With regard to the conversion of Al dots 
on a sapphire surface, the most important questions to be answered at this point are:  
 What are the temperature and size thresholds for the disappearance 
phenomenon? 
 What is the mechanism(s) responsible for disappearance?  
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 What are the temperature and size thresholds for significant dot 
shape distortion? 
 What is the mechanism(s) responsible for distortion?  
 Is there an optimized combination of temperature and dot size that 
will allow complete conversion of the metal dots to single crystal 
sapphire—epitaxially commensurate with the original substrate—
without significant distortion?   
With these issues addressed, it should be possible to recommend an optimal 
protocol for producing sapphire nanodots decorated substrates for AGM based 
devices. 
A systematic experiment was devised and implemented in order to address 
the questions above.  All fabrication steps were performed at the Cornell Nanoscale 
Science and Technology Facility (CNF), and all characterization and heat treatment 
steps were performed at Lehigh University.  Arrays of aluminum dots ranging in 
diameter from ~ 50 nm to ~ 250 nm were fabricated on a single sapphire wafer by e-
beam lithography and liftoff.  Six smaller pieces were then cleaved from the single 
wafer to ensure uniformity of the original metal. A catalog of images from SEM were 
taken from each sample at this point to serve as the “as-fabricated” data set, with 
particular care taken to note both the diameter and the general morphology of the 
dot.  Each sample was then annealed at a selected temperature between 450 °C and 
1200 °C for 1 hour. Based on the discussion in Section 4.3, the mechanisms 
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potentially active at these different temperatures are summarized in Figure 30.  After 
heat treatment, the samples were re-imaged in the SEM taking care to select the 
exact same dots as were imaged in the “as-fabricated” state for direct comparison. 
The following sections provide more detailed descriptions of the fabrication, 
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Mechanisms 
500 1 year Solid 
Continuous 
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4.4.2  Experimental Procedures 
 
4.4.2.1  Fabrication 
 
Single crystal c-plane 2-inch sapphire wafers were used as the substrate in all 
cases.   The substrates were prepared for Al deposition by first depositing and 
patterning a photoresist layer using spincoating and e-beam lithography. The resist 
used was poly-methylmethacrylate (PMMA), which acts as a positive resist when 
subjected to moderate doses from an electron beam. A two-layer resist process, with 
the bottom layer of resist comprised of a lower molecular weight polymer which 
dissolves quicker in the development step, was used in this work in order to facilitate 
the liftoff process by creating an undercut profile.   
A static dispense method was used for spincoating.  All wafers were cleaned 
on the spincoating apparatus by dispensing acetone followed by IPA while the 
sample was spun at 3 kRPM and allowing the sample to dry while spinning for ~ 30 
seconds.  The bottom layer, deposited first, was 495k molecular weight PMMA 
dissolved to 4% by volume in anisole spun at 3kRPM for 60 seconds, resulting in a 
thickness of ~ 100 nm.  This layer was baked on a hotplate at 170 °C for 15 minutes 
before spinning the top layer of 950k PMMA, again at 3 kRPM for 60 seconds, 
resulting in a top-layer thickness of ~ 50 nm.  The wafer was again baked on a 
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hotplate at 170 °C for 15 minutes.  A conductive, water-soluble polymer top coat 
named E-spacer (Showa-Denko, Tokyo, Japan) was then spun at 3kRPM for 60 
seconds and baked at 115 °C for 90 seconds on a hotplate.  This final layer is 
specifically formulated to facilitate the dispersion of charge during exposure. 
 
FIGURE 31: Wafer layout for EBL at CNF. 
 
The exposure of the spun-and-baked resist was performed in a dedicated E-
beam lithography system (JEOL JBX-6300FS) operating at 100 kV accelerating voltage.  
In the traditional procedure for lithography, a dose array is used to determine the 
optimal exposure conditions followed by a single exposure at the determined optimal 
dose for the final sample.  In this experiment, since the pattern to be exposed was 
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simply an array of dots, fine tuning of the dosage and development conditions to 
make the final fabricated dot diameter perfectly match the intended nominal dot size 
was not critical.  Any difference or error between the final fabricated dot diameter 
and the intended nominal size of the dot was acceptable, so long as that initial 
diameter was measured prior to annealing.  Due to this fact, and to the fact that the 
relatively small total exposed area needed required a small write time, the “sample” 
itself was designed as a dose array. 
Exposures were performed on a single intact 2” wafer so that six wedge-
shaped samples (due to the 6-fold symmetry of the c-plane in sapphire) could be 
cleaved from the wafer with a single dose array roughly at the centroid of each 
wedge.  A schematic representation of the wafer layout and sample design used in 
this experiment appears as Figure 31.  The entire dose array was roughly 2000 μm x 
600 μm, comprised of five doses ranging from 1000 to 3000 μC/cm2 over five linear 
steps of 500 μC/cm2.  The spatial separation between doses was 75 μm.  Each dose is 
comprised of ten subfields in a 5 x 2 array with a total size of roughly 330 μm x 270 
μm, and each subfield contains 729 individual dots of a given nominal size for the 
subfield.  (The quantity 729 was arrived at by starting with a 30 x 30 grid of dots with 
a 1 μm pitch and eliminating a row or column every ten dots, resulting essentially in a 
3 x 3 array of nine individual 9 x 9 sub-grids of dots.  This was done to facilitate the 
identification of dots before and after annealing by location.)  The nominal sizes 
used, in nm units, were:   40, 60, 80, 90, 100, 110, 120, 140, 170 and 200.  The 
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nominal size of the dots contained within each subfield of a dose was marked by 
numbers inserted into the pattern directly above each patch, roughly 10 μm in size.  
These numbers also served as a marker to assist in locating the area-of-interest in the 
SEM.    
After exposure in the EBL tool, the wafers were immediately developed in 
order to minimize spurious exposure.  First, the conductive E-spacer polymer layer 
was removed by immersion in de-ionized water for 60 seconds.  The exposed PMMA 
was developed by immersion in a 1:3 solution of MIBK and IPA for 65 seconds, 
followed by immersion in IPA for 30 seconds to halt the development process, and 
dried in Nitrogen for 30 s. 
In order to ensure proper adhesion of the liftoff metallization, a descum step 
was performed after development to remove any residual PMMA or organic residue 
from the lithographically exposed areas of the sapphire substrate.  An oxygen plasma 
reactive ion etch (Plasmatherm PT72) was done with a flow rate of 30 sccm O2 for a 
process pressure of 20 mTorr, at a power of 50 W for 15 seconds.  
Deposition of the aluminum liftoff metallization was performed in a 
cryogenically pumped thermal evaporator with a base pressure of ~ 3 x 10-6 torr and 
a deposition rate of ~ 6 Å/s to a total thickness of 80 nm as measured by crystal rate 
monitor. 
For liftoff, the wafer was immersed in a solution of “spiked” acetone, which is 
simply 1:1 acetone:dichloromethane.  After approximately 4 hours the sacrificial 
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metallization was able to be floated off of the wafer with gentle agitation, leaving 
only the Aluminum deposited through the lithographically patterned areas adhering 
to the substrate.  An IPA rinse followed by N2 dry was used to remove any chemical 
residue or debris from the liftoff process. 
Cleaving of the wafer after processing was performed with an ad-hoc scribe-
and-break fixture in order to avoid damaging the patterned regions of the wafer. 
 
4.4.2.2  Oxidation Heat Treatment 
 
Annealing (i.e, oxidation heat treatment) of the samples was performed in a 
box furnace inside a single unpacked pure alumina lidded crucible using laboratory 
air as the ambient.  The use of any packing powder, even pure alumina, was avoided 
in order to prevent the possibility of contamination or interference in the sample 
evolution.  The conditions that were of most interest are those that most closely 
match a conceivable commercial technique for production of AGM nanodots 
decorated wafers, which would involve P(O2) and humidity values similar to ambient 
air.  Calibration of the furnace was performed by an external B-type thermocouple 
inserted into the firebox, with manual measurements taken after a 5 °C/min ramp to 
various temperatures.  All process temperatures are expected to be within 10 °C of 
the setpoint, including overshoot after ramp-up.  Ultimately, four temperatures of 
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interest were selected:  700 °C, 900 °C, 1000 °C, and 1200 °C.  Each sample annealed 
at these temperatures was held at the setpoint for 1 hour after a 5 °C/min ramp, and 
was cooled to room temperature using a 5 °C/min ramp.  The actual furnace 
temperature was not expected to track the ramp-down, following a more or less 
parabolic curve as the sample temperature approached room temperature.  
 
4.4.2.3  Characterization 
 
Shape and size characterization of the samples was performed using scanning 
electron microscopy (SEM) before and after thermal treatment. After thermal 
treatment, re-characterization of the samples was performed in an identical manner 
as the imaging performed in the as-fabricated state, with care taken to image the 
same dots in both cases so that a direct comparison could be made.  A catalog of dot 
diameter and a subjective judgment on the behavior of the dot, falling into one of 
several categories defined in section 4.4.1, was created from these images. 
All surface imaging was done with a Hitachi 4300 S/N field emission SEM.  The 
accelerating voltage of the electron beam was typically held at 5 kV or less, and the 
condenser lens was adjusted to hold the beam current at a low value (< 40 pA) in 
order to avoid charging during imaging.  No conductive coating (e.g. Ir, Au, C, etc.) 
was used in order to avoid contaminating the sample and altering the results of the 
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experiment.  Although the area-of-interest was sometimes difficult to find when 
imaging under ideal conditions for balancing charge minimization and resolution, it 
was possible to “open” the condenser lens setting to generate a much larger beam 
current, and hence a larger signal, which when coupled with a fast scan rate (i.e. “TV” 
mode) and signal integration made location of the patterned area significantly easier.   
    
FIGURE 32:  SEM image of ~ 80 nm diameter aluminum nanodots after fabrication.  
Left image is untilted to measure diameter.  Right image shows sample tilted at 45 
degrees to show topography. 
 
A full catalogue of every single dot would take a prohibitively large amount of 
operator time and storage space.  (Consider just one wafer:  6 samples/wafer x 5 
doses/sample x 10 sizes/dose x 729 dots/size = 217,800 dots, and only 4 – 6 dots are 
visible in a single image captured at 50 kx magnification.)  For this reason, a limited 
catalogue of images was taken of ~ 10 dots for each size prior to annealing.  
However, in the course of characterizing the samples, it was possible to make a 
subjective judgment of the appearance and general behavior of a population of 
several hundreds of dots for each nominal size.  In most samples, it was found that 
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dose 1 (1000 μC/cm2) yielded acceptable results, with a sufficiently large number of 
dots surviving liftoff with actual measured diameters of well under 100 nm.  Figures 
32 and 33 display metallic aluminum dots in the as-fabricated state at 0 and 45 
degrees tilt in the SEM. 
    
FIGURE 33:  SEM image of ~ 210 nm diameter aluminum nanodots after fabrication.  
Left image is untilted to measure diameter.  Right image shows sample tilted at 45 
degrees. 
 
After imaging, a catalog of dot diameter measurements was made by “pixel-
counting” images taken at 50 kX magnification. Pixel-counting is defined as the act of 
determining the calibration of the image at that magnification by directly counting 
the number of pixels which comprise the scale bar of the image, measuring the 
diameter of at least four dots in pixels for each nominal size, and converting to a real 
diameter in nanometers using the calibration factor.  The size of a pixel at 50 kx was ~ 
2 nm, which when coupled with the inherent error of 1-3 pixels in the subjective 
judgment of the measurement, leads to an error of +/- 5 nm in the measurement of 
the dot size. 
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A small number of heat-treated dots were also cross-sectioned using the 
Focused Ion Beam (FIB) for examination with transmission electron microscopy. The 
FIB at Lehigh was used initially, but it was not capable of creating sufficiently thin 
specimens to cleanly define a single row of dots with sub-100 nm diameter.  Instead, 
successful cross-sections were milled using a FIB instrument at Purdue University 
with the assistance of Dr. Patrick Cantwell using the in-situ lift out method in an FEI 
xT Nova NanoLab Dual Beam focused ion beam/scanning electron microscope 
(FIB/SEM).  A Pt protective layer was deposited over one row of dots to protect them 
during milling (Figure 34). Milling followed the standard cross-section preparation 
sequence of trenching (Figure 35), plucking, and thinning (Figure 36).  Cross-section 
TEM images were acquired using an FEI Titan 80/300 field emission S/TEM operating 
at 300 kV. 
 
FIGURE 34:  Platinum protective layer deposited over dots to be cross-sectioned 




FIGURE 35:  TEM sample coupon attached to plucker, ready for removal (Courtesy 




FIGURE 36:  Plucked and thinned coupon containing four dots in cross-section, 





4.5  Observations and General Trends 
 
4.5.1  Summary of SEM observations 
 
Even with only a select number of images taken for each sample, the full 
catalog of SEM image data available is prohibitively large to present in its entirety in 
this document.  For this reason, representative images will be shown here and the 
remainder will be archived. 
Typical images of aluminum dots prior to heat treatment have been shown in 
Section 4.4.2.1 (Figures 32-33). Due to the lack of a conductive coating, the 
resolution is not ideal but the features can still be discerned. The dots are all 
approximately 80 nm tall, and the shapes are fairly uniform. 
  As discussed previously, identical dots were imaged after thermal treatment. 
Figure 37 is a “map” summarizing the observed behavior of the annealed dots for 
four temperatures across the available range of sizes (as measured from SEM 
images), represented either by a distinct color or by cross-hatching.  Each element in 
the table outline in a solid black line represents a condition for which SEM data is 
available.  Behaviors represented for those points between these elements are 



























































































































































































































































































































































The observed behaviors may be categorized as follows: 
 
Retention of Detail: 
 
This label is given to those dots that exhibited no discernible difference in 
morphology after annealing.  The fine details of the initial dot shape, especially such 
things as ragged edges from non-ideal liftoff, are still retained after annealing. 
 
FIGURE 38:  SEM image, un-tilted, exhibiting possible cavitation and clear faceting 
in ~ 120 nm dots annealed at 1200 °C for 1 hour. 
 
Divoting / Cavitation: 
 
This label refers to the appearance of what may be either a divot or evidence 
of a cavity in the dot interior. This feature is evident in Figure 38 as a dark spot in the 
center of some dots. Due to the penetrative nature of the electrons in SEM imaging, 
even in low voltage mode operation, it is not possible to conclusively distinguish 
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This label refers to the complete disappearance of the dot and what appears 
to be a pristine, clean surface where the aluminum dot once was.  This was 
confirmed by visual inspection during SEM operation using various beam conditions 
and magnifications, and the location of the initial dot was determined with 
confidence by “dead-reckoning” with precisely controlled stage movements in the 
SEM from the nearby number labels which were all still visible after annealing. 
 
 
FIGURE 39:  SEM image exhibiting hillocking / large protrusions in ~ 200 nm dots 







This label refers to those dots that took on a 6-fold hexagonally symmetric 
morphology after annealing.  In all cases where faceting was observed, the 
orientation of the facets was always aligned with the 6-fold symmetry of the c-plane 
substrate.  This feature can be seen in Figure 38. 
 
Hillocking / Protrusions and Small Protrusions: 
 
This label is used for those dots that exhibit a significant distortion of the dot 
shape in the form of discrete protrusions, or a general “lumpy-ness” of the sample.  
The only distinction made here between Hillocking/Protrusions and Small Protrusions 
is the ability to discern the “diameter” of the dot after annealing with any degree of 
confidence. If the shape is so badly distorted that a diameter determination is 
impractical, the behavior is labeled as Hillocking/Protrusions. Examples of this can be 




This label is used to refer to those dots that exhibit a large degree of shape 
change but with no discernible surface protrusions after annealing. This shape 
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change is accompanied by a marked increase in the dot diameter. Examples are 
shown in Figure 40. 
    
FIGURE 40:  SEM evidence of "slumping" in dots with ~ 80 nm initial diameter.  
Diameters after annealing were ~ 120 nm.  Left: As Fabbed Aluminum  Right: After 
annealing for 1 hour at 1200 °C. 
 
4.5.2  Summary of TEM observations 
 
A bright field TEM cross-section of a dot heat treated at 900 °C for 1 hour is 
shown in Figure 41.  The sapphire substrate fills the bottom half of the image, and 
the protective Pt coating covers the dot in the top half of the image.  A bright region 
can be seen at the center of dot. In a bright field image, this implies that this region is 
providing little or no barrier to electron transmission so it is highly likely that the dot 
is hollow. The bottom of the hollow region is flat and parallel to the underlying 
substrate, but is offset from the substrate by a distance of approximately 18 nm. The 
solid shell of the dot is of a similar thickness as the bottom layer. Overall, the dot can 
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be described as a shell surrounding a hemispherical cavity.  The lack of contrast 
between the newly formed oxide shell and the substrate is a very strong indicator 
that the shell is epitaxially aligned to the substrate. 
 
 
FIGURE 41:  Bright-field TEM image of hollow dot after 1 hour at 900 °C (Courtesy of 
Dr. P. Cantwell). 
 
4.6  Analysis of Results 
 
4.6.1  Failure mechanisms 
 
The major trends emerging from the results presented in map form in Figure 
37 are:  
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 an apparent threshold for the disappearance phenomenon at an initial dot 
diameter between 55 and 70 nm 
 an apparent threshold for the onset of disappearance, slumping, faceting, and 
divoting/cavitation at a temperature between 900 and 1000 °C 
 a region of morphological stability at temperatures of 900 °C and lower and 
diameters of ~ 100 nm and smaller.  
There is a wealth of information from the behavior map obtained in this 
experiment requiring analysis.  The following sections will address each behavior and 
its relevant mechanisms in detail. 
 
Retention of Detail: 
 
It would be naïve to assume that the lack of any visible change in the surface 
morphology in this behavior type is indicative of a complete lack of activity.  It is 
known, as discussed in Section 4.3.6, that the native oxide will thicken at elevated 
temperatures.  However, such morphological stability demonstrates that significant 









Hillocking at lower temperatures is the simplest phenomenon to explain.  It is 
a common “rule-of-thumb” in discussing the stress in a thin film that it will tend 
towards zero as one approaches the edge of the film, particularly within a distance of 
~ h, or the film height (c.f. Section 4.3.3).  If one imagines a single dot to be a very 
small “film” with h ≈ 80 nm, then a dot with a diameter comparable to this radius will 
be effectively stress free, with no driving force for hillocking to occur.  As the 
diameter of a dot increases above 80 nm wide and the height remains constant at 80 
nm tall, the substrate traction available to cause a compressive stress in the “film” 
(i.e. the dot) increases and the generation of thermal hillocks during annealing will be 
more likely.  Thus, no protrusions or hillocks should be observed in the smaller dots, 
and the appearance of substantial hillocks of increasing severity will become more 
common as the dot size becomes larger; this trend matches the actual observations 
of the specimens heat treated at the lower temperatures.   
At temperatures of 1000 °C and higher, other mechanisms such as phase 
transitions and enhanced diffusive mobility become active which are allowed to, in 
effect, “erase” the deformations caused by any hillocking that may have taken place 
at lower temperatures during heat-up.  It is therefore presumed that this mechanism 
occurs in all dots of a sufficiently large diameter regardless of the process 
 93 
 





The appearance of faceting at higher temperatures may be taken as an 
indication of increased mobility of the oxide at elevated temperatures such that the 
diffusion length over the course of an hour is comparable with the size scale for this 
experiment (i.e. several nanometers).  There is a competition between the driving 
forces to allow faceting (i.e. anisotropy in the surface energy of different facets in 
alumina) and spheroidization (i.e. reduction in total surface area to volume ratio of 
the dot).  It is likely that the size threshold for hillocking observed at ~ 100 nm 
diameter plays a role in the onset of faceting at higher temperatures.  Where the 
outer surface of the dot is sufficiently disturbed, this inhomogeneity may allow the 
onset of faceting to occur more easily, and where the dot remains largely 
hemispherical, it is more energetically favorable for the dot to retain a smooth, 









Evidence of devoting/cavitation was only observed by SEM in samples 
annealed at 1000 °C or higher, and only at initial diameters of 125 nm or greater.  
However, TEM confirms the presence of cavitation in a ~ 130 nm dot annealed at 
only 900 °C—a condition that does not show evidence of the cavity in SEM. At a low 
accelerating voltage like the one used here (3-5 kV), the penetration depth of the 
electron beam is very limited. Thus only in the case of a very thin oxide shell would 
the cavity be visible. Therefore, the appearance of cavitation in SEM is sufficient to 
conclude the actual existence of a cavity (as opposed to spurious edge effects from 
secondary electron imaging), however the lack of evidence in SEM is by no means 
sufficient to conclude the opposite.  The existence of these cavities is consistent with 
the results of Zachariah’s group42,48,52,53 especially, and to some extent Nakamura’s54 
as well.  Sub-surface cavitation is also observed in blanket aluminum films on 
sapphire, as seen in the work of Dutta.18  It is therefore reasonable to assume that 
cavitation is present in dots of all sizes for temperatures of 900 °C and above, but 
that the rapid diffusion and resulting shape changes associated with temperatures of 
1000 °C and above create conditions that make cavity imaging in SEM more likely.  
Looking again at the cross section in Figure 41, it is possible to estimate the 
total volume of the converted oxide by assuming the dot is a hemispherical cap, with 
an outer diameter of ~ 140 nm and an inner diameter of ~ 100 nm, supported by a 
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solid disc of diameter ~ 135 nm and height ~ 18 nm.  Using basic mathematics, one 
can estimate that the volume of the inner cavity is ~ 257,000 nm3, and the total 
volume of oxide is ~ 732,000 nm3.  The Pilling-Bedworth ratio, which describes the 
volume change upon oxidation of a given amount of metal, is 1.28 for Aluminum and 
its oxide.  Using this value, the diameter of the metallic Aluminum hemisphere which 
would yield this total volume of oxide would be ~ 130 nm.  A direct measurement of 
the initial diameter of the particular dot visible in this TEM cross section is not 
available, but it can be said with certainty based on the location of the dot on the 
sample that its initial diameter was close to 130 nm (The actual diameter measured 
for this dosage condition was typically ~ 10 % larger than the nominal size, which in 
this case was 120 nm.)  This demonstrates that at temperatures of 900 °C and higher, 
and for dots ~ 130 nm in diameter and smaller, oxidation of the dots has progressed 
to completion before any appreciable evaporation of the metal has occurred. 
With the existence of cavitation in these dots firmly established, it becomes 
clear that the mechanism for disappearance in very small dots annealed at 
temperatures above 1000 °C is most likely a weakening of the oxide shell, leading to 
fracture and separation of the dot from the substrate.  The existence of faceting and 
slumping in larger dots at similar temperatures at which disappearance occurs proves 
the availability of sufficient mobility to cause shape changes by surface diffusion.  As 
such, it is likely that after cavitation and fracture, any “ragged edges” left on the 
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surface of the crystalline substrate will smooth out, leaving a series of facetted 
terraces on the surface that would be invisible in the SEM, particularly in plan-view. 
 
4.6.2  Optimum Processing Conditions for AGM 
 
Early in the project the question of yield was framed with the simple 
distinction between those dots that survived the heat treatment step and those that 
completely disappeared.  However, it became apparent after the performance of the 
experiment described in this chapter that disappearance alone is not the only 
behavior that may be considered failure, and that there are a number of undesirable 
changes that can occur during the thermal treatment process.  
It is unknown at this point what effect faceting and hillocking of the dots 
would have on the eventual performance of any AGM-based semiconductors and 
devices fabricated on them.  One may presume that the higher energy edges, 
vertices, and “bumps” may act as sites for heterogeneous nucleation during the 
initial stages of deposition.  This would make hillocking undesirable. Furthermore, the 
hillocks are stochastic features so the growth of GaN would be likely to be highly 
heterogeneous on an AGM substrate with hillocked features. This would be 
undesirable as well. 
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One may make a conjecture that a cavity in the converted sapphire dot will 
serve to make the dot more mechanically compliant during the GaN growth in the 
AGM process, increasing the ability of the dot to strain. This could amplify the effect 
of the nano-heteroepitaxial strain relief mechanism described by Zubia and Hersee 
(c.f. Section 1.7, Reference 15). Cavitation need not change the outer shape of the 
dot, as is evident from Figure 41, so it is unlikely to affect the actual nucleation and 
growth of a GaN film.  Cavitation, then, is either positive or neutral with regard to 
AGM processing, and should not be considered a substrate processing failure. 
From these results, two general conclusions may be drawn regarding 
recommended processing conditions for AGM substrates. First, the two-step, 48 hour 
process originally designed by Park and Chan to convert blanket aluminum films on 
sapphire is not appropriate for the conversion of discrete sub-micron aluminum 
features.  The original conversion protocol was formulated for the conversion of 
continuous thin films up to 1 μm thick, so perhaps it is not surprising that it is not 
ideal for smaller, separate structures.  Second, there is an optimum temperature and 
range of dot sizes suitable for high yield conversion of Al dots to single crystal 
sapphire dots. It has been demonstrated here via TEM that a single-step heat 
treatment at 900 °C in air for 1 hour is sufficient to cause complete conversion of a 
sub-micron dot.  We assume that as even smaller dots also survived similar 
processing without disappearance or shape change at 900 °C, they must necessarily 
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also be converted as well.  It may be concluded that the longer, harsher conversion 




CHAPTER 5:  CONCLUSIONS AND RECOMMENDATIONS 
 
5.1  Summary of Impact 
 
The overarching theme of this body of work is the development and 
demonstration of sapphire substrates with sub-micron scale surface features laid out 
in arrays with controlled shape, size, and distribution. The key contributions of the 
work are: (1) the collaborative demonstration that such substrates enable novel GaN 
fabrication options like the Abbreviated Growth Mode (AGM) approach that can lead 
to lower cost, higher quality LED devices, (2) the proof-of-concept demonstration 
that large scale surface patterning with the use of anodic aluminum oxide (AAO) 
templates is a feasible approach for creating low-cost patterns that should be 
compatible with AGM, and (3) that the Aluminum-to-sapphire conversion process has 
distinct zones of behavior with regard to feature size and temperature that can be 
used to suggest an optimized set of process conditions. 
Future energy demands will require novel approaches to more efficient 
lighting products.  As shown in Chapter 2, the AGM technique is a promising new 
technology for increasing the efficiency of GaN based optoelectronic devices for Solid 
State Lighting.  An essential component of this work was the production of a number 
of nanopatterned substrates that had controlled sapphire dot size and spacing. Using 
these substrates for a series of systematic studies, it was demonstrated that the AGM 
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technique allows for a shorter process time when depositing the GaN template by 30 
minutes or more by eliminating the need for etchback-and-recovery, while 
simultaneously increasing the efficiency of the final device by ~ 20 - 30% (Figure 7).  
Furthermore, it was shown that the quality of the GaN grown using the AGM 
technique is a function of the nanopattern characteristics. This suggests that further 
investigation of the effects of pattern size and distribution on GaN nucleation, GaN 
quality, and LED device performance is warranted. 
Extension of the AGM technique to production scale will require large area, 
inexpensive nanopatterned substrates.  A large area patterning technique 
incorporating AAO patterning masks and a polymer release layer for creating large 
area arrays of nanodots appropriate to the AGM technique has been proven in 
concept (Chapter 3).  The feature size and spacing are inherently commensurate with 
the dimensions shown in Chapter 2 to be appropriate to enable the AGM process. 
The process is inexpensive and should be scalable. There is also much room for 
improvement of the technique.  Further development will require better control of 
the morphology of the AAO membranes, which, once established, should 
immediately translate into more consistent, controlled surface patterns with 
improved yield.   
Issues regarding the yield of useful nanopatterned sapphire substrates for 
AGM growth when fabricated by thermal conversion of metallic Aluminum nanodot 
precursors have been addressed (Chapter 4).  Aluminum nanodots with initial 
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diameters ranging from 50 nm to 250 nm were fabricated on c-plane sapphire 
substrates by EBL and liftoff.  Figure 37 shows the empirically determined behavior of 
these nanodots after annealing for 1 hour at four different temperatures relevant to 
the conversion process.  In summary, it is apparent that a large area of morphological 
stability exists for temperatures of 700 – 900 °C and for initial dot diameters of less 
than ~ 100 nm.  It was shown via cross-sectional BF-TEM that dots of ~ 130 nm 
diameter are fully converted to c-plane sapphire after 1 hr at 900 °C, with a 
significant degree of cavitation occurring in the interior of the dot.  One may then 
assume that all dots of smaller diameter shall also be fully converted.  It was also 
observed that dots annealed at a temperature of 1000 °C or higher exhibited a 
different set of behaviors from those annealed at lower temperatures, including 
disappearance of smaller dots, slumping, and faceting. 
With these results, a recommendation for best processing of patterned 
sapphire for the AGM technique may be made: A temperature of at least 900 °C for 
at most 1 hr ensures conversion of ~ 100 nm diameter metal dots, as proven by TEM, 
without encountering the deleterious effects seen at temperatures of 1000 °C or 
higher.  If faceting of the dots is judged to be useful, the process temperature must 
be raised to 1200 °C.  However, dots with a diameter less than ~ 100 nm would then 





5.2 Suggestions for Future Work 
 
5.2.1 AGM Development 
 
There are a number of unanswered questions and potential opportunities 
suggested by the existing body of work on the AGM technique. One obvious path is 
to investigate a wider range of sapphire dot sizes and spacings than was feasible in 
the initial study. In particular, the improvements in the aluminum-to-alumina 
conversion process identified in Chapter 4 hold great promise for the ability to create 
substrates with smaller surface features and closer spacings than any previously 
explored in sufficiently large numbers to enable more extensive LED device 
fabrication and characterization. As part of this, the shape of the surface features (as 
controlled by the heat treatment conditions) can be explored. In particular, it would 
be extremely useful to perform interrupted growth experiments that would elucidate 
the GaN nucleation and growth process as it relates to the morphology and 






5.2.2 Large-area Substrate Development 
 
Several options exist for improving the AAO-assisted patterning technique. 
The goals of any future work should be to improve the pore ordering to create a 
more regular pattern and to improve the uniformity of pore size to create dots with a 
smaller distribution of sizes. Use of a two-step anodization process is known to 
improve pore ordering and regularity, and could be explored. However, application 
of such a technique may introduce several difficulties that should be taken into 
consideration.  A thicker sacrificial metal film is required for longer anodization times.  
Deposition of thicker films introduces a larger amount of stress, increasing the 
likelihood of delamination.  Longer anodization times also introduce a larger amount 
of heat in the film, which could lead to burning and damage of the film and the soft 
polymer release layer.  This could be solved by either cyclical anodization to allow 
heat dissipation, or by use of a more heat resistant polymer. Once these difficulties 
have been overcome, the technique must be demonstrated on much larger 
substrates, and AGM growth of LED devices on AAO-assisted nanopatterned sapphire 
must be demonstrated. In fact, it is not known whether or not uniform dot sizes and 
patterns are required to reap the benefits of the AGM technique (recall that that 
standard approach involves the creation of a randomly-rough GaN seed layer through 
the etchback and recovery process) so AGM growth on AAO-assisted substrates 
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produced using the existing techniques should be a priority before exploring 
improvements in the fabrication process. 
 
5.2.3 Aluminum-to-Alumina Conversion 
 
Although the fundamental behavior of sub-micron aluminum dots on a 
sapphire surface has been illuminated here as a function of dot size and thermal 
treatment temperature, there are a number of additional experimental and modeling 
steps that could be used to shed further light on the processes involved. One simple 
(if time consuming) step would be to perform cross sectional TEM analyses of a wider 
variety of dot sizes and conversion conditions than was possible in the current work. 
A variation on the processing that would make this particularly interesting would be 
to use a Rapid Thermal Annealing (RTA) system to precisely control the heating rate 
and the length of time during which the material is held at the peak thermal 
treatment temperature. In this way, various stages in the conversion (or failure) 
process could be captured. Coupled with this information, detailed atomic force 
microscope (AFM) scans of the features would allow quantitative analysis of the 
conversion process. This should allow more complex modeling of the effect of dot 
size on the transport processes that are apparently responsible for the development 
of the hollow dots. It may also allow quantitative modeling of the transport processes 
that cause shape change such as the “slumping” and “faceting” behaviors observed 
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for different regimes of temperature and dot size. Finally, the discovery that the 
aluminum features can be successfully converted to hollow structures raises the 
possibility that some degree of increased mechanical compliance could be playing a 
role in the improved GaN produced by the AGM process. Finite element modeling 
could be used to simulate the degree of film relaxation possible for a given hollow 
structure size and wall thickness in the hope that these features could be optimized 
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